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The opera t ion  of a phase-switch in t e r f e romete r  i s  

analysed t o  show t h a t  reduct ions i n  output  may be i n t e r p r e t e d  

as  reduct ions  i n  c o r r e l a t i o n  between s i g n a l s  a r r i v i n g  a t  t h e  

two antennas,  

decreases  i n  t h e  v i s i b i l i t y  of t h e  source under observation. 

V i s i b i l i t y  fades o f  t h e  rad io  stars Cygnus A and 

Cassiopeia A, observed on 223 megacycles i n  t he  a u r o r a l  zone 

during one yea r  o f  maximum sunspot a c t i v i t y ,  a r e  analysed 

empi r i ca l ly ,  

Such reduct ions,  t he re fo re ,  c o n s t i t u t e  

Fade-occurrence d i s t r i b u t i o n s  i n  t i m e  and 

space are presented  and comparisons with c e r t a i n  o t h e r  

geophysical  phenomena a r e  discussed. Fades observed on 

456 megacycles during one month a r e  compared wi th  those 

observed on 223 megacycles, 

The v i s i b i l i t y  fades appear t o  be caused by s c a t t e r i n g  

i r r e g u l a r i t i e s  whose geographical d i s t r i b u t i o n  peaks near  

t h e  maximum of the v i s u a l  a u r o r a l  zone. 

o f  con t r ibu t ions  from both t h e  E-layer  and F-layer .  

There i s  evidence 

Primary 

occurrence maxima appear i n  autumn and a t  magnetic midnight. 

@ 
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I. INTRODUCTION 

Xnce  t h e  f i rs t  observat ion of  r a d i o  s t a r s  by -J Hey 

Parsons, and P h i l l i p s  (1946), it  has been c o n s i s t e n t l y  noted 

t h a t  t h e i r  s i g n a l s  a r e  not of constant  i n t e n s i t y  when observed 

a t  the  ear th 's  surface.  Indeed, i t  was t h e  f l u c t u a t i o n  of 

such s i g n a l s  which l e d  Hey, Parsons, and P h i l l i p s  t o  postu-  

l a t e  t he  d i s c r e t e  na tu re  of  t h e  sources. Smith, L i t t l e ,  and 

Love11 (1950) suggested a t e r r e s t r i a l  o r i g i n  of t h e  f l u c t u a -  

t i o n s  r a t h e r  than  an i n t r i n s i c  one as  assumed by t h e  

d i scove re r s ,  The t e r r e s t r i a l  o r i g i n  of t h e  f l u c t u a t i o n s  was 

v e r i f i e d  repea ted ly  by workers i n  seve ra l  c o u n t r i e s  and t h e  

term " s c i n t i l l a t i o n "  has been app l i ed  t o  them q u i t e  gene ra l ly .  

Extensive i n v e s t i g a t i o n  of radio-star s c i n t i l l a t i o n s  has 

now been c a r r i e d  out  a t  both middle and high l s t i t u d e s ,  

no tab ly  a t  Cambridge and Manchester, England; i n  Aus t ra l ia ;  

and a t  College, Alaska. The midd le - l a t i t ude  s t u d i e s  have 

been summarized by L i t t l e ,  Rayton, and Roof (1956), and t h e  

e a r l y  Alaskan work was repor ted  by L i t t l e ,  Reid, S t l l t n e r ,  

and M e r r i t t  (1962). 

The above-mentioned and r e l a t e d  observa t ions  of r ad io -  

s tar  s c i n t i l l a t i o n  l e d  t o  t h e o r e t i c a l  search  f o r  a model t o  

e x p l a i n  i t s  production. The model now g e n e r a l l y  accepted i s  

t ha t  of a d i f f r a c t i n g  l a y e r  of  i r r e g u l a r  i o n  concent ra t ion  

i n  the t e r r e s t r i a l  ionosphere. Notable t h e o r e t i c a l  papers 

Cnficerning t h e  e f f e c t s  ~f ~ i c h  a f i ~ d e i  r ad io - s t ap - i ike  

s i g n a l s  are those of Booker, R a t c l i f f e ,  and Shinn (1950), 

1 
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Hewish (1951) and F e j e r  (1953). R a t c l i f f e  (1956) has w r i t t e n  

a comprehensive summary of the theory.  Further t h e o r e t i c a l  

work has been publ ished by Booker (1958) along wi th  a d d i t i o n a l  

d i scuss ion  of observat ional  r e s u l t s .  The above-mentioned 

papers  do not a t  a l l  represent  an  exhaust ive l i s t  of publ ica-  

t i o n s  on t h e  sub jec t  but do serve  t o  o u t l i n e  i t s  development. 

Among t h e  techniques used f o r  observat ion of r a d i o  stars 

S o l a r  r a d i o  a s t r o n -  have been those  o f  r a d i o  in te r fe rometry .  

omy i n  Aus t r a l i a  had made use  of s i g n a l  r e f l e c t i o n  from t h e  

sea  t o  provide an in t e r f e romete r  r equ i r ing  only one antenna 

(McCready, Pawsey, and Payne-Scott, 1947), and Bolton and 

-- Stanley  --- (1948) used the  device f o r  e s r l y  r a d i o - s t a r  work, 

S c i n t i l l a t i o n  s t u d i e s ,  using t h e  same instrument ( t h e  " c l i f f  

i n t e r f e r o m e t e r " ) ,  were c a r r i e d  out by Bolton, S lee ,  and 

-I__- Stanley  (1953) . Subsequently, i n t e r f e romete r s  u s ing  two o r  

more antennas have come i n t o  use,  r a d i o - s t a r  s c i n t i l l a t i o n  

- 

being s tud ied  on a va r i e ty  of two-antenna ( o r  I 1  twin-wave") 

instruments .  

S c i n t i l l a t i o n  s t u d i e s  a t  College have employed t h r e e  

types  o f  twin-wave in te r fe rometer :  

and phase-sweep. 

i n t e r f e r o m e t e r s  opera t ing  on 223 MC and 456 MC a t  College 

that  r a d i o - s t a r  v i s i b i l i t y  f a d e s  - the  sub jec t  of t h i s  paper - 

were f i r s t  observed ( L i t t l e ,  Merritt, S t i l t n e r ,  and Cognard, 

t o t a l  -power, pha.;e - s w i t  ch, 

It was on phase-switch and phase-sweep 

1-957). The fades, tcrrr,ee " long-& i ra t ion  fa,&3't bji the discov-  

ers, appeared on the  phase-switch records  as par t ia l  o r  

complete dlsappeai*ances of the qtraa-l - R i n i i s o i  d a l  i ntet4Peiaerlce 
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p a t t e r n  of the star. On the phase-sweep records they 

appeared as depressions i n  t h e  o rd ina te  of t h e  record,  

averaged o v e r  a per iod of s eve ra l  s c i n t i l l a t i o n s .  Reproduc- 

t i o n s  o f  t h e  originaJJy reported fade  records  appear  i n  

f i g u r e s  1 and 2. Fade dura t ions  from seve ra l  minutes t o  o v e r  

a n  hour were observed. The d i scove re r s  i n t e r p r e t e d  t h e  fades 

i n  terms of i r r e g u l a r i t i e s  which subtended a s o l i d  ang le  l e s s  

t han  that of t h e  source,  thereby  causing d i f f e r e n t  p a r t s  of  

t h e  source t o  s c i n t i l l a t e  independently ( L i t t l e ,  Reid, 

S t i l t n e r ,  and M e r r i t t ,  1962) 

Apparently l i t t l e  o r  no i n v e s t i g a t i o n  of v i s i b i l i t y  

f ades ,  beyond inspec t ion  of  c e r t a i n  o t h e r  geophysical records  

obta ined  during a p a r t i c u l a r l y  long fade ( L i t t l e ,  Merritt, 

S t i l t n e r ,  and Cognard, 1957), was c a r r i e d  out i n  t h e  a u r o r a l  

zone between t h e i r  discovery and 1962. Owren (1962a) has 

w r i t t e n  a review of radio-wave s c a t t e r i n g  theory  as a p p l i -  

cable t o  r a d i o - s t a r  and s a t e l l i t e  s c i n t i l l a t i o n  ques t ions  

and has extended t h e  theory t o  desc r ibe  t h e  phenomenon of 

r a d i o - s t a r  v i s i b i l i t y  fades  i n  terms of t h i c k - l a y e r  mul t ip l e  

s c a t t e r i n g .  H e  has shown that  f o r  such a s c a t t e r i n g  mecha- 

nism, v i s i b i l i t y  fades may be expected even f o r  po in t  sources ,  

r e l a x i n g  t h e  requirement supposed by L i t t l e ,  Reid, S t i l t n e r ,  

and Merritt (1962) t ha t  the source must subtend a g r e a t e r  

a n g l e  than  the s c a t t e r i n g  i r r e g u l a r i t i e s .  The l a t t e r  conclu- 

s i o n  appa ren t ly  r e s u l t e d  from consider ing only  simple t h i n -  

l a y e r  s c a t t e r i n g .  
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The empir ica l  work reported i n  t h i s  paper has been 

c a r r i e d  out i n  conjunction with the  t h e o r e t i c a l  work of 

Owren, mentioned above. Its purpose i s  t o  p re sen t  t h e  

observed c h a r a c t e r i s t i c s  of  auroral-zone v i s i b i l i t y  fades .  

The paper  i s  p r imar i ly  concerned with t h e  s t a t i s t i c s  of fade 

occurrence - i . e . ,  t h e i r  d i s t r i b u t i o n s  i n  t i m e  and space. 

Some i n v e s t i g a t i o n  has been c a r r i e d  out ,  a l s o ,  of ionospheric  

and geomagnetic condi t ions  during fades  and of t h e  frequency 

dependence of fade occurrence, toward the end of providing 

data for f u r t h e r  t h e o r e t i c a l  s t u d i e s  of ionospheric  i r r e g u -  

l a r i t i e s  i n  the a u r o r a l  zone. 

It i s  t o  be noted t h a t ,  while experimental  i n v e s t i g a t i o n  

of r a d i o - s t a r  v i s i b i l i t y  fades i n  t h e  a u r o r a l  zone has been 

extremely l i m i t e d  s i n c e  t h e i r  discovery,  r e l a t i v e l y  e l abora t e  

s t u d i e s  have been c a r r i e d  out  a t  lower l a t i t u d e  (Nichols,  

1960; Flood, 1962) . Recently, Moorcroft (1963) has repor ted  

on work c a r r i e d  out  a t  Saskatxmn. 



11. INSTRUMENTATION 

The records  used i n  t h i s  s tudy were those gathered by 

L i t t l e  and h i s  co-workers during the  t i m e  of t h e i r  o r i g i n a l  

observa t ions  of r a d i o - s t a r  v i s i b i l i t y  fades.  L i t t l e ' s  

group operated total-power, phase-switch, and phase-sweep 

i n t e r f e r o m e t e r s  on f requencies  of  223 MC end 456 MC. IYhile 

f ades  were o r i g i n a l l y  reported on both t h e  phase-switch and 

phase-sweep devices ,  it was decided t o  use  records from only 

one kind of i n t e r f e romete r  f o r  this study i n  o rde r  t o  keep 

the  t o t a l  number of d a t a  t o  be handled wi th in  manageable 

bounds. It was found that ,  of t h e  f o u r  i r s t rumen t s  which 

appa ren t ly  were capable of recording fades ,  the  456 MC phase- 

sweep in t e r f e romete r  had produced the  leas t  conplete  s e t  of 

data durir,g t h e  per iod  of opera t ion .  It was decided, t h e r e -  

fo re ,  t o  u se  t h e  phase-switch records  rather than  t h e  

phase - s w  eey, , 

As poin ted  out by Flood (1962), I 1  There appears  t o  be 

some confusion about t h e  r e l a t i o n s h i p  between the  input  and 
the  output  of phase swept and phase switched in t e r f e romete r s .  I 1  

I n  p a r t i c u l a r ,  it i s  evident i n  some of t h e  l i t e r a t u r e  t ha t  

t h e  o p e r a t i o n a l  d i f f e rences  between t h e  two devices  a r e  

sometines overlooked o r  confused. 

s tanding  of the opera t ions  c a r r i e d  o u t  by an  in t e r f e romete r  

on i t s  inpu t  s i g n a l  i s  p r e r e q u i s i t e  t o  an  understanding of 

v i s i b i l i t y  fades wnich may be observed w i t n  i t ,  a matheniaiieai 

p r e s e n t a t i o n  of those  opera t ions  f o r  the  phase-switch 

Since a thorough under- 

6 
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i n t e r f e romete r  i s  given below. The first. p a r t  of t h i s  

p r e s e n t a t i o n  p a r a l l e l s  t h a t  g iven  by Flood (1962) f o r  t h e  

phase-swept case al though it  i s  meant t o  be somewhat more 

genera l .  It i s  hoped that t h e  ex i s t ence  of two independent 

but  p a r a l l e l  d e r i v a t i o n s  f o r  t h e  two k inds  of instruments ,  

each i n  a n o t a t i o n  apprcpr'iate t o  v i s i b i l i t y - f a d e  a p p l i c a t i o n ,  

W i l l  be  u s e f u l  t o  f u r t h e r  understanding of the phenomenon. 

Consider a phase-switch in t e r f e romete r  wi th  i t s  two 

antennas s i t u a t e d  i n  a r a d i o - s t a r  wave-field. The vol tage 

output  of each antenna c o n s i s t s  of t h e  phasor sum of a l l  

t he  components of the wave's angular  and frequency spec t r a  

p l u s  similar components f r o m  g a l a c t i c  no i se  and o t h e r  sources ,  

i n t e g r a t e d  over  t h e  f i e l d  of view and passband of t h e  antenrx.  

ConsiderSng a s i n g l e  angular  component,l t h e  output of t h e  

antennas may be w r i t t e n  as fol lows:  

(1) jut df 

where t h e  l i m i t s  of i n t e g r a t i o n  are set by the  e f f e c t i v e  

passband (assumed rec tangular )  of t h e  antennas.  

r e p r e s e n t s  a phase d i f f e rence  between t:ze 5wo s i p n a l s  d e t e r -  

e ( f )  

m i m a d  h t r  +-kn ~ n n i  v r o l  nhn+-l ,.- -9 +hn o - - r r l  -- n n w q n ~ - ~ . ~ +  . - - A - -  
A..-LIIuu u J  V A + ~  - A A L V U A  U I ~ G ~ W I W I A  WJ. U A A L  r b - i b d ~ A &  k c '  L ~ J W L L G - L U  u . i L < r c L  

d i scuss ion ,  and $ ( f )  r ep resen t s  a n  a d d i t i o n a l  phase d i f f e r e n c e  

due t o  any o t h e r  cause. 

i 
I _- ~ 

This r e s t r i c t i o n  w i l l  be d iscussed  l a t e r  and removed f o r  
t h e  case of random phases  i n  t h e  angular  spectrum. 
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I n  t h e  case of t h e  instruments used i n  t h i s  study, the  

s i g n a l s  e l ( t )  and e 2 ( t )  a r e  ampl i f ied  i n  radio-frequency 

a m p l i f i e r s ,  the i r  f requencies  converted,  and they  a r e  aga in  

ampl i f ied  i n  sepa ra t e  intermediate-frequency ampl i f i e r s .  

!.lith a l l  c i r c u i t s  assumed i d e a l  ( r ec t angu la r  passbands and 

no phase sh i f t  introduced)  and w i t h  g a i n s  normalized t o  

u n i t y ,  equat ions (1) and (2 )  s t i l l  represent  the s i g n a l s  a f t e r  

the  above-mentioned opera t ions  have been performed except 

t ha t  the c e n t e r  frequency and the l i m i t s  of i n t e g r a t i o n  a r e  

s e t  now by the i - f '  passband. 

Next, the s i g n a l  from one of the antennas,  e 2 ( t )  say, 

i s  passed through the phase switch. The r e s u l t  i s  an  addi-  

t i o n a l  phase t e r m ,  such t h a t  e 2 ( t )  becomes 

where $(t)  i s  a p e r i o d i c  t i m e  func t ion .  I n  genera l ,  3 may 

be a f u n c t i o n  of frequency, f', as wel l  as of time, e s p e c i a l l y  

i n  a n  in t e r f e romete r  using a switching harness  type of phase 

switch as i s  t h e  case w i t h  t h e  ins t ruments  used i n  t h i s  

study. The frequency dependence of 3, however, i s  comparable 

with t h a t  of phase sh i f t s  inhe ren t  i n  o ther  c i r c u i t s ,  which 

a l r e a d y  have been assumed n e g l i g i b l e .  A simple c a l c u l a t i o n  

shows tha t  the change i n  magnitude of 3 a c r o s s  t y p i c a l  i - f  

bandwidths i s  of the order of one e l e c t r i c a l  degree. Accord- 

i n g l y ,  3 may be  considered frequency independent f o r  present  

purposes  and has been placed ou t s ide  the i n t e g r a l  i n  equat ion 

( 3 ) .  It i s  t o  be remembered, a l s o ,  t ha t  6, El, E2, and 9, 
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as well  as 3, may be time-varying. Indeed, t h e  term 1' s c i n t i l -  

l a t i o n s ' '  r e f e r s  s p e c i f i c a l l y  t o  t h e  f l u c t u a t i o n s  of t h e  l a t t e r  

t h r e e  of t h e s e  q u a n t i t i e s ,  and 8 v a r i e s  due t o  the ear th ' s  

r o t a t i o n .  

on the  f a c t  t ha t  3, t h u s  far,  has not been e x p l i c i t l Y  

def ined.  

The no ta t ion  @(t)  has been used t o  r e t a i n  a t t e n t i o n  

After  t h e  phase-switching opera t ion ,  the  s:gnals from 

the two antennas are added and t h e i r  sum app l i ed  t o  another  

i n t e r ~ e d i a t e - f r e ~ u e ~ c ~  a m p l i f i e r ,  which i n  t h e  College i n s t r u -  

r e n t s  a c t u a l l y  e e t e m i n e s  t h e  i - f  banewidth. 

a r e  passed una l t e red ,  except f o r  t h e  l i m i t s  of i n t e g r a t i o n ,  

so  t h e  outpdt  of t h i s  m a i n  i-f amplifier may be w r i t t e n  as 

e l ( t )  and e i ( t )  

The output  of t h e  main i - f  ampl i f ie r  i s  zpp l i ed  

inmedia te ly  t o  a second d e t e c t o r  which approxix3tes  t o  a 

square-law device; Assuming square-law opera t ian ,  +:h3 sczond- 

d n t e c t o r  output  may be w r i t t e n  as 

5:rcuation (5) r equ i r e s  d i scuss ion  i n  d e t a i l .  It ensues 

d i r e c t l y  from complex squaring o f  equat ion ( 4 ) ,  w i t h  a l l  3 

cross-terms between f requer iq-  coiiiporients teken  i n t o  axcount. 

The i n n e r  Jiltegrals are t o  be  taken o v e r  t h e  v a r i a b l e ,  f t ,  
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to -> - I f*  , where A f r  r ep resen t s  the i-f bandwidth. 
2 from - - 2 

The o u t e r  i n t e g r a l s  a r e  t o  be  taken over the va r i ab le ,  f ,  

from f o  - - A f  t o  f o  + ilf where f o  i s  t h e  c e n t e r  frequency i n  2 
t he  radio-frequency passband and A f  i s  h e r e  used t o  represent  

t he  i-f bandwidth and i s  numerically equal t o  A f r .  

r e p r e s e n t s  rad io- f  requency components and f 

Thus, f 

r ep resen t s  

increments of  frequency i n  t h e  r-f spectrum. The variable, 

a, of course,  r e p r e s e n t s  components of angular  frequency i n  

the i-f spectrum and d i f f e r s  from f only by a numerical 

cons tan t  ( t he  l o c a l - o s c i l l a t o r  frequency) and a mul t ip ly ing  

f a c t o r  ( 2 ~ )  . r ep resen t s  increments of angular  frequency 

measured from a. 

Equation (5)  may be s impl i f i ed  g r e a t l y  i n  t h e  case of 

i n t e r f e r o m e t r i c  s t u d i e s  of r a d i o - s t a r  s c i n t i l l a t i o n .  The 

s i m p l i f i c a t i o n  r e s u l t s  f r o m  t h e  f a c t  that t h e  s i g n a l  varia- 

t i o n s  ( s c i n t i l l a t i o n s )  under s tudy have dura t ions  many times 

longe r  than  the  r e c i p r o c a l  of the i - f  bandwidths used. For 

such r e l a t i v e l y  slow va r i a t ions ,  on ly  a very small band o f  

f requencies  (compared w i t h  t h e  i - f  bandwidth) centered around 

each component i n  the i - f  spectrum c o n t r i b u t e s  apprec iab ly  t o  

the Four i e r  spectrum produced by complex-amplitude v a r i a t i o n s  

of that  component. 

which con ta ins  f requencies  whose r e l a t i v e  phase w i l l  remain 

It i s  t h i s  and only  t h i s  very small band 

1 e s s e n t i a l l y  cons tan t  during t h e  time of a s i n g l e  v a r i a t i o n .  

T h i s  i s  the frequency-domain analogue of t h e  time-domain 
statement made by Born and Wolf (1959) i n  the  nex t - to - l a s t  
sentence of the  second paragraph of t h e i r  Chapter X. 
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The i - f  spectrum, therefore ,  i s  made up of a l a r g e  number of 

r e l a t i v e l y  very narrow bands of I I  cor re l a t ed ' !  frequency 

components; t h e  c o r r e l a t i o n  between components i n  d i f f e r e n t  

bands i s  e s s e n t i a l l y  zero. Accordingly, t h e  i n n e r  i n t e g r a l  

i n  each of the f o u r  terms of equat ion (5) reduces t o  an 

i n t e g r a l  t aken  over e s s e n t i a l l y  i n f i n t e s i m z l  bandwidth, with 

t he  r e s u l t  that equat ion (5) becomes 

The reduct ion  of equat ion (5) t o  equat ion (6)  i s  t a n t a -  

mount t o  saying tha t  the i-f spectrum i n  t h e  in t e r f e romete r  

may be t r e a t e d  as uncorre la ted  noise  and it i s  a necessary 

and s u f f i c i e n t  argument t o  j u s t i f y  t h e  s ta tement  by Flood 

(1962) t ha t  "due account o f  the  bandwidth of t h e  i n t e r f e r -  

ometer can be taken --- (by summing) --- t h e  powers a t  each 

frequency i n  t h e  pas s  band. I!  Fur ther ,  with the  above r e s u l t  

achieved f o r  i n t e g r a t i o n  o v e r  t he  frequency spectrum while 

cons ider ing  only one component of the  angular  spectrum, i t  

would be  p o s s i b l e  now t o  start  from t h e  beginning of the  

development, Integrating iristead U v e r '  t n e  angular  spectrum 

and cons ider ing  only one component of the frequency spectrum. 

Exac t ly  t h e  same reduct ion of equat ion (5) t o  equat ion (6)  

would ensue provided that t he  phases i n  the angulzr  spcztni i i i  

could be taken as  random. The assumption of random phases i n  

the angu la r  spectrum i s  certainly v a l i d  for s i g n a l  components 



12 

coming from the g a l a c t i c  noise background, and it  i s  commonly 

adopted i n  the case of s c a t t e r e d  r a d i o - s t a r  s i g n a l s  as  w e l l ,  

(e.@;., see  R a t c l i f f e ,  1956,) IJith both the frequency and 

angular  s p e c t r a  taken as uncorre la ted  wi th in  themselves, 

t h e r e  i s  no reason t o  suspect c o r r e l a t i o n  between s i g n a l  

components with d i f f e r e n t  frequency as we l l  as d i f f e r e n t  

angle.  Hence, a fully genera l  development, including i n t e g r a -  

t i o n  over  both frequency and angle ,  would a l s o  r e s u l t  i n  an  

expression of  t he  form of equat ion (6)  (except that  t h e  s i n g l e  

i n t e g r a l  would be replaced by a double i n t e g r a l ) ,  and a s ta te -  

ment analagous t o  Flood's, above, could be made t o  the  e f f e c t  

t h a t  ''due account o f  the bandwidth of t h e  in t e r f e romete r  and 

of the  angular  spectrum of t h e  s i g n a l  can be taken by summing 

the  powers a t  each frequency i n  the  passband and a t  each 

ang le  i n  t h e  angular  spectrum. I t  The p resen t  a n a l y s i s  may be 

continued, t he re fo re ,  on the basis  o f  a s i n g l e  angular  

component, f o r  the assumed case of random phases. It would 

be permiss ib le ,  a l s o ,  t o  c a r r y  on f r o m  h e r e  on t h e  b a s i s  of 

a s i n g l e  frequency component, bu t  the  i n t e g r a l  f o r m  of 

eqiiation (6)  w i l l  be  r e t a ined  for consis tency.  

It i s  now necessary t o  cons ider  the  e x p l i c i t  na tu re  of 

?"(t). 

a l i n e a r  func t ion ,  producing a cons t an t ly  advancing phase 

term i n  t h e  in t e r f e romete r  equat ions ,  I n  t h e  case of the  

p ~ l a a t : - - w ~ ~ c ~ i ?  in te r fe rometer ,  however, @it j i s  more compii- 

cated;  it i s  a square wave of base zero,  amplitude T ,  and 

I n  the case of the phase-sweep in t e r f e romete r ,  @(t)  i s  

- - - > L  



frequency f s ,  

ing  Four ie r  s e r i e s :  

Accordingly, it may be w r i t t e n  as  the fol low- 

cos WSt + - - - q ( t )  = 7 - 2 cos USt  - - 7r 2 
3 

2 m - 1  
+ ( - 1 ) T  ;;; cos must + - - - m = 1,3,5, - - - 

(7)  
where ws = 2nfs. 

of t h e  square-law de tec to r  on t h e  i - f  s i g n a l ,  e , ( t ) ,  des-  

c r ibed  by equat ion ( 4 ) .  In equat ion ( 4 ) ,  q ( t )  may be viewed 

as  a phase modulation imposed upon t h e  c a r r i e r  wave of  ang- 

u l a r  frequency, w, s o  t h a t  t h e  e f f e c t  of t h e  phase switch 

upon t h e  i - f  spectrum i s  t o  in t roduce  sidebands d isp laced  

Now, equation (6) r e s u l t e d  from t h e  a c t i o n  

from each i-f frequency by each of t h e  component f requencies  

of equat ion (7) and a l l  harmonics the reo f ,  p l u s  corresponding 

sum and d i f f e r e n c e  frequencies .  Thus, 

. .  n odd m odd 

n=l 
n even 

\ 
- sin r ( w n m a s ) t  

cc 

I’ 
1 

L 
m=l 
m odd 

where t h e  JAs represent  Bessel func t ions  of t h e  f irst  k ind  

and order  n. The a c t i o n  of t h e  square-law d e t e c t o r  i s  such 
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t h a t  t h e  f irst  term on the r i g h t  of equat ion (8) i s  l o s t .  

The o t h e r  terms are impl i c i t  i n  the las t  two terms of equa- 

t i o n  (6)  with w absent f r o m  t h e  arguments and with $, which 

appears  on the  l e f t  side of 

added t o  the arguments. 

The s i g n a l  represented 

inc ludes  the  information of 

i s  passed through e i t h e r  a 

equat ion (8) f o r  convenience, 

by equat ion (6), which i m p l i c i t l y  

equat ion (8) as discussed above, 

rideo o r  audio a m p l i f i e r  whose 

c e n t e r  frequency i s  t h a t  of  the  phase switch ( i * e . ,  t h e  funda- 

mental frequency, f s ,  of @(t)) .  

f i e r  varies among instruments  c u r r e n t l y  i n  use.  

t he  bandwidth of t he  switch-frequency ampl i f i e r ,  i t s  func t ion  

i s  t o  provide ampl i f i ca t ion  a t  the  switch frequency, and the  

audio-frequency bandwidth of the i n t e r f e r o m e t e r  i s  u l t i m a t e l y  

l i m i t e d  by t h e  synchronous d e t e c t o r  which fo l lows  the switch- 

frequency amplif ier . '  

synchronous d e t e c t o r  i s  of the  o rde r  of a cyc le  per  second, 

s o  only the fundamental switch-frequency terms of equat ion 

(8) c o n t r i b u t e  apprec iab ly  t o  the i n t e r f e r o m e t e r  output .  

The u s e f u l  input  t o  t h e  synchronous d e t e c t o r ,  t he re fo re ,  may 

be  expressed be r ewr i t i ng  equat ion (6) i n  a form which 

'An advantage i n  s ignal- to-noise  r a t i o  a t  t h e  input  t o  the 

The bandwidth of t h i s  ampli- 

Whatever 

Typical ly ,  t h e  bandwidth of  t h e  

2 

.-I- 

synchronous d e t e c t o r  Is gained from narrow bandwidth of t h e  
switch-frequency amplTfier. 

Herein, of course,  l i e s  the  basis f o r  t h e  phase-switch 

t h e  =..,-nchxmous d e t e z t o r  ref'u;es t o  pass  r;he v c s t  mz j o r i t y  
of background sky no i se  and r e c e i v e r  no i se ,  

s o u x e s  s ince  - i - o + - o v ~ ~ y ~ v ~ + m m l n  r p q  7 - - - - - - v . L * - - z A - -  
-L L A  v c 2 - W G L  u & A *  - ' J  ~ G l l ~ L b - - v L b y  to Gj sLreir 



e x p l i c i t l y  conta ins  t h e  us terms of equat ion (8). 

two terms of equat ion (6)  a r e  dc terms ( o r  quasi-dc i f  t h e  

v a r i a t i o n s  i n  El and E2 a re  r e c a l l e d )  and are l o s t  i n  t h e  

switch-frequency ampl i f i e r .  The las t  two terms reduce t o  

The f i r s t  

e g ( t )  = jEl(f)E2(r){sin[o,t-  5 -e ( f ) -#( f j J  

- s i n  c cost + 3 7r + 9 ( f )  + $(f)]) df ( 9 )  

where cons t an t s  have been normalized along wi th  c i r c u i t  gains .  

Equation ( 9 )  may be manipulated as follows: 

-+- C O S  [ w,t+ 9 ( f ) +$ ( f )] } df 
2 

e5( t )  = - ~ l ( f ) E p ( f ) @ o s [ B ( f ) + $ ( f ) ]  cos m s t j d f  \ 

The in tegrand  of equat ion (10) i s  c l e a r l y  a wave a t  switch 

frequency, amplitude modulated by t h e  cosine of [e(r)+$(f)]. 

(The corresponding equation i n  an  a n e i y s i s  of a phase-sweep 

i n t e r f e r o m t e r  would b e  a wave a t  sw!tch frequency, phase 

modul?-ted by t h e  coslne of [Q( f )+$( f ) ] ;  t h l s  d i f f e rence  I s  of 

f u n d m o z t z l  importance t o  z p p l i c a t i o n  of  t h e  t w o  types  of 

instY1Jner.t s. ) 

Besic'es sharply l i m i t i n g  t h e  audio passband t o  a few 

c y c l e s  e i t h e r  s i z e  o f  t h e  switch freGuency, t h e  Synchronous 
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d e t e c t o r  r e c t i f i e s  t he  s i g n a l  of equat ion (10) and passes  

t he  r e s u l t  t o  a dc ampl i f i e r  whose output  may be w r i t t e n  as 1 

I n  (11) , the l i m i t s  o f  time i n t e g r a t i o n  a r e  s e t  by t h e  output 

t ime-constant of the  in te r fe rometer ,  which i n  t h e  case of t he  

College instruments ,  i s  f ixed  a t  t h e  inpu t  t o  t h e  dc ampli- 

f i e r .  

t ha t ,  f o r  El, E: 

t h e  pen recorder ,  which follows, i s  a quas i - s inusoida l  

func t ion  of time. 

i n  depa r tu re s  from the quasi-s inusoidal  t r a c e  and r ep resen t  

amplitude and phase s c i n t i l l a t i o n s ,  r e spec t ive ly .  

The v a r i a t i o n  of €3 with radio-star hour-angle i s  such 

and $8 constant ,  the  dc ampl i f i e r  output t o  
2' 

Changes i n  (E1E2) and $, of course, r e s u l t  

Consider, f o r  a moment, what the dc a m p l i f i e r  output  

would be with t h e  dc terms of equat ion (6) res tored :  

e i ( t )  =JEf( f ' , t )dfd t  4- 

-iiJEl ( f , t ) E ( f , t ) cos [ 8 ( f' , t ) +$ ( f , t ) ] df d t 

Rewriting equat ion (12) i n  complex n o t a t i o n  r e s u l t s  i n  

- __.-__- ---_I- 

'A neg;ative s ign  has been absorbed i n t o  t h e  cons t an t s  i n  
equa'cion (11); t h e  s i g n  i s  i r r e l e v a n t  t o  the  r e s u l t s  and i n  
p r a c t i c e  can be  chosen a r b i t r a r i l y  by revers ing  the phase 
of t h e  synchronous d e t e c t o r  * s reference  s igna l .  



t 

or 

where zl and E a r e  complex amplitudes. Further ,  cons ider  

c o n t r i b u t i o n s  from a l l  components of  the  angular  spectrum of 

t h e  wave-field as discussed beneath equat ion  (6) . 
(13) then  becomes 

-2 

Equation 

e t  ( t  ) =JlE:( f ,D, t ) df dcrdt+ E2 ( f , 6, t ) df dadt m2 
where CI r e p r e s e n t s  t h e  angle of a r r iva l  of s i g n a l  components. 

The in t eg rand  of t h e  t h i r d  term on t h e  r i g h t  of  (14>, a s i d e  

f rom t h e  ph-lse delay,  e l J  i s  the  c o r r e l a t l o n  func t ion  of t h e  

s i g n a l s  a r r i v i n g  a t  t h e  two antennas.  Fwther ,  comparison 

wi th  equat ions  (12) and (11) shows tha t  t h i s  term i s  j u s t  

t h e  output  of the phase-switch in t e r f e romete r .  Reductions i n  

t h e  in t e r f e romete r  oiJ?put, then,  r ep resen t  reduct ions  i n  t h e  

c o r r e l a t i o n  func t ion  o f  the rece ived  s igna l .  

The l i m i t s  of t h e  angular  i n t e g r a t i o n  introduced above 

were not  d i scussed  i n  connection with equzt ion (6) ;  i t  i s  

now necessary  t o  do so. Had t h e  p re sen t  deve lqment  been 

c a r r i e d  out  i n  terms o f  an angu la r  spectrum i n s t e a d  of  a 

s i n g l e  component, the  l i m i t s  of angular  i n t e g r a t i o n  would 

have been set ,  a t  the  ou t se t ,  by the  antenna besmwidths. Due 

e ( f )  i s  related t o  t h e  z of Born and Volf (1959), s e c t i o n  
10.3.1 by e ( f )  = 27~fz. 
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t o  the  dependence of 0 on 0, however, s igna l  components from 

sources  of epprec iab le  ancular  exteent cancpl OL? of 5h.e 

t h i r d  tern of eqi1.ation (lh)e 

d i s c r e t e  s m r c e  , t l ? @ r C f 3 r t ? ,  the o u t p i t  OS a p h s e - m J i t c h  

Fm? t h e  case of a single 
2 

where f o  is t h e  c e n t e r  fr3qixency i n  the  r-f pzssband, Af i s  

t h e  i - f  b?-ni!~wiCi;li, a. repr,?tsent,s t h e  d i r e c t i o n  o f  t h e  source, 

A o  i s  the  appa?c~+ ,  z,.nguls.r d i a r - e t e r  of t h e  source, and T i s  

t h e  output tip9 corrs:ant, 

Zquatj.on ( l 5 }  shows t h a t  t h e  ou+,put o f  a phase-switch. 

i n t e r f z rom?te r  I s  pro2or t iona l  t o  the  corre122tfon e x i s t i n g  

between t h e  signals arr ivi7.g a2 t h e  two antenn.?.~,  i r t e g r a t e d  

over 1-f I=mdwiclfh, ol-:.t,p~.t t i m e  corrstant , and r-:ipar?nt z?:yiilar 

e x t e n t  of t h e  G..iscrete soiirce v.lzder t r a c k .  It i s ,  t he re fq re ,  

a d i r e c t  measure o f  the spatial a u t o c o r r e l a t i c n  of t h e  

sOUPCEf% wzve-fz.eld a t  the  e a r t h l s  sur face ,  f o r  t h e  enterma 

ey, a c ? ~  e?;:y,loye< 

2 Source ccx:?uE;?--"n. I s  nr)+, a ccTLbn3!i pwblern i n  1oiTospheri.c 
radLo asf,ronor . s i r c e  on ly  t i n ?  s t r o n g e s t  d i s c i > ? t e  sources  
usua-ily z-?e u:t d. 



111, DATA ANALYSIS TECHNIQUES 

A ,  Reduction of In te r fe rometer  Data 

One y e a r ' s  records  from a phase-switch in t e r f e romete r  

opera t ing  on 223 MC with a n  east-west b a s e l i n e  of 91,44 meters 

(68,8 wavelengths) were inspected f o r  v i s i b i l i t y  fades .  The 

records  used had been co l i ec t ed  a t  College during t n e  per iod  

of 1 November 1957, through 31 October 1958. T h i s  per iod  

f e l l  completely wi th in  t h e  I n t e r n a t i o n a l  Geophysical Year, 

t hus  corresponding t o  a per iod o f  maximum s o l a r  a c t i v i t y  and 

acceptab ly  cons i s t en t  data. 

inspec ted  g r o s s l y  f o r  poss ib l e  v i s i b i l i t y  fades. 

fades then were inspected more c lose ly  and sca led  according 

t o  t h e  following scheme. 

The e n t i r e  y e a r ' s  records  were 

The possible  

F i r s t  t h e  t imes  of onset  and ending of an apparent fade 

were marked on t h e  record margin. 

cases ,  t h e s e  times were qu i t e  r e a d i l y  i d e n t i f i a b l e  t o  wi th in  

one minute. Onset and end having been e s t ab l i shed ,  i nd iv idua l  

s c i n t i l l a t i o n s  were averaged out v i s u a l l y  t o  r e v e a l  any 

r e s i d u a l  r a d i o - s t a r  i n t e r f e r e n c e  p a t t e r n  e x i s t i n g  during t h e  

pe r iod  i n  question. Next, t h e  maxima and minima of t h e  

nea res t  undis turbed in t e r f e rence  p a t t e r n  were marked t o  

e s t a b l i s h  normal l e v e l s  under cur ren t  opera t ing  condi t ions ,  

I n  a l a r g e  ma jo r i ty  of 

The cha rac t e r  of the  i n t e r f e r e n c e  p a t t e r n  having been 

determined both during the  poss ib l e  fade and during a s h o r t l y  

preceding o r  fol lowing period, t h e  v i s i b i l i t y  of the r ad io  

star during the  suspected fade was ca l cu la t ed ,  T h i s  was done 

19 
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s i m p l y  by Laking t h e  ratio of t h e  p a t t e r n  amplitude during the 

time i n  quest ion t o  t h a t  during t h e  normal period. The 

technique i s  i l l u s t r a t e d  i n  f i g u r e  3,  which i s  an i d e a l i z a -  

t i o n  of a fade record,  

The t o p  and bo t tom h o r i z o n t a l  l i n e s  i n  f i g u r e  3 mark t h e  

maximum and minimum of t h e  undis turbed  r a d i o - s t a r  p a t t e r n ,  

the l a t t e r  corresponding t o  zero r e s u l t a n t  s tar  power. The 

broken h o r i z o n t a l  l i n e  corresponds t o  the l e v e l  of the d.c, 

terms appearing i n  equation (14) of Sect ion 11, which a r e  

r e j e c t e d  by t h e  phase-switching a c t i o n  of t h e  in te r fe rometer .  

Starting approximately at t i m e  To t h e  record  does not  r i s e ,  

a t  maximum, t o  the t o p  l i n e  no r  f a l l ,  a t  minimum, t o  the 

bottom l i n e .  Ins tead ,  i t  rises only t o  the  l eve l  marked 

'ma, and drops only t o  t h e  l e v e l  marked Pmin. The decrease 

i n  amplitude of the  quas i - s inusoida l  t r a c e ,  noted from time 

To on, r e p r e s e n t s  a decrease i n  t h e  v i s i b i l i t y  of  t h e  r a d i o  

star. V i s i b i l i t y ,  i n  f a c t ,  can be def ined as (P,,, - Pmin)/ 

(Pmax + Pmin), SO i t  i s  given by t h e  r a t i o  B/A, where B i s  

the  reduced amplitude and A the  normal amplitude of t h e  

trace. 1 

I n  p r a c t i c e ,  t h e  reduced amplitude seldom remains 

cons t an t  f o r  more than  one fringe of t h e  i n t e r f e r e n c e  p a t t e r n .  

From i n s p e c t i o n  of f i g u r e  3, it i s  c l e a r  t h a t  1 

Pmax= Pmean+ B, Pmin= Pmean- B, and Pmean= A *  
1'; follzlws that 

o r  
V i s i b i l i t y  = 2B/2Pmean 

V i s i b i l i t y  = B/A 
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t y ,  t he re fo re ,  

was o f t e n  an  average of  two o r  more cha r t  measurements. 

Fur ther ,  the  i n t e r f e r e n c e  p a t t e r n  observed during and nea r  

v i s i b i l i t y  r educ t ions  i s  nea r ly  always accompanied by 

cons iderable  s c i n t i l l a t i o n ;  t h e  i d e a l i z e d  p a t t e r n  of f i g u r e  

3 i s  r e p r e s e n t a t i v e  only of  an a l r e a d y  averaged record  and 

not  of a t y p i c a l  unprocessed record,  An a c t u a l  record  w i t h  

s c a l i n g  n o t a t i o n s  i s  shown i n  f i g u r e  4. 

Once r a d i o - s t a r  v i s i b i l i t y  was ca l cu la t ed  during a 

suspected fade and t h e  dura t ion  e s t ab l i shed ,  i t  was necessary 

t o  decide whether o r  not t o  record the  event  as a v i s i b i l i t y  

fade.  C r i t e r i a  could be e s t a b l i s h e d  q u i t e  a r b i t r a r i l y  s ince  

v i s i b i l i t i e s  of a l l  values from zero t o  u n i t y  were observed 

w i t h  a g r e a t  v a r i e t y  of durat ions.  

i t  i s  d i f f  l c u l t  t o  d i s t i n g u i s h  pe r iods  of reduced v i s i b i l i t y ;  

i t  means, however, t h a t  varying degrees  of  d i s tu rbed  condi- 

t i o n s  can and do produce varying amounts and d u r a t i o n s  of 

v i s i b i l i t y  reduct ion.  

of r a d i o - s t a r  seeing condi t ions,  t h e r e f o r e ,  it was convenient 

T h i s  does not  imply that  

I n  o r d e r  t o  perform s t a t i s t i c a l  s t u d i e s  

t o  se t  c r i t e r i a  for demarking II d i s tu rbed"  condi t ions  from 

normz-1" condi t ions .  Such demarkation l e d  t o  t h e  term, 11 

" v l s l b l l i t y  fade::, 

f ades  were def ined  as reduct ions  i n  average v i s i b i l i t y  t o  

0.5 or l ess  f o r  a dura t ion  of three minutes o r  more. 

F o r  purposes of t h i s  study, v i s i b i l i t y  

These 

c r i t e r i ~  resu l ted  in 2 ~ e a ~ i f i g f u l  ~ t a t i s t i c a l  sa,iiipie O? fades 

while keeping the  t o t a l  number w i t h i n  t h e  l i m i t s  of 

ma nage ab i 1 i t  y . 
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It i s  t o  b e  noted t h a t  the du ra t ion  c r i t e r i o n  used f o r  

de f in ing  v i s i b i l i t y  fades r e s u l t e d  i n  t h e  recording of many 

fades l a s t i n g  l e s s  than  one complete f r i n g e  of the  i n t e r f e r -  

ence p a t t e r n .  I n  such ins tances ,  t h e  s c a l i n g  technique 

descr ibed  above was a l t e r e d  t o  inc lude  e x t r a p o l a t i o n  of the 

smoothed i n t e r f e r e n c e  trace from the  t ime of the fade t o  t h e  

1 

t i m e  of n e a r e s t  maximum o r  minimum. Except f o r  t h i s  addi -  

t i o n a l  step, the s c a l i n g  procedure was as descr ibed  above. 

While du ra t ion  and average v i s i b i l i t y  a r e  the  two most 

important  q u a n t i t i e s  needed t o  desc r ibe  a v i s i b i l i t y  fade,  

a t h i r d  quant i ty ,  c a l l e d  fade importance, was found u s e f u l  

f o r  many s t a t i s t i c a l  app l i ca t ions ;  i t  was def ined  as follows: 

fade importance = (1 - average v i s i b i l i t y )  

x dura t ion .  

The u n i t s  of fade importance a r e  those  of time, bu t  as a 

combination of v i s i b i l i t y  and du ra t ion  i n  one quant i ty ,  i t  

i s  a r e l a t i v e  measure of the t o t a l  coherent ene-gy l o s t  during 

a v i s i b i l i t y  fade.  

q u a n t i t y  which can be  used as an i n d i c a t i o n  of t he  i n t e g r a t e d  

d e t e r i o r a t i o n  of r a d i o - s t a r  see ing  cond i t ions  during 

v i s i b i l i t y  fades. 

'This occurred e s p e c i a l l y  when the  ray-path f ro?  t h e  s ta r  was 

Fade importance t h u s  provides  a s i n g l e  

__-- --^___--~- --_ 

nzost n e a r l y  p a r a l l e l  t o  the i n t e r f e r o 2 e t e r  bas?.line. 
such t imes,  approximately t h i r t y  mimtes a r e  rc2ui red  f o r  

A t  

+-ha " t r n . r .  4-A 4-*---...-- ---- n.-t---- 
U A A ~  u u a A  u u  u & a v e L - B e  U l l e  LL' l .Kl&fZ.  



, 
24 

B. D i s t r i b u t i o n s  o f  Vis ib i l i ty -Fade  Occurrence 

Using t h e  above d e f i n i t i o n s  and t h e  r e s u l t s  of the  above- 

descr ibed  s c a l i n g  procedures, c e r t a i n  s t a t i s t i c a l  p r o p e r t i e s  

of v i s i b i l i t y  fades observed beneath the a u r o r a l  ionosphere 

have been determined. In  p a r t i c u l a r ,  s t u d i e s  have been made 

of the occurrence d i s t r i b u t i o n  of fades as a func t ion  of 

importance and as a func t ion  of t i m e  and space. 

1. Importance d i s t r i b u t i o n  

I n  order t o  desc r ibe  f u l l y  t h e  occurrence d i s t r i b u t i o n  

of r a d i o - s t a r  v i s i b i l i t y ,  it would be necessary t o  make a 

g r e a t  number of ' v i s i b i l i t y  c a l c u l a t i o n s ,  add up the  t o t a l  time 

that  each value of v i s i b i l i t y  occurred, and p resen t  t h e  data 

as a p l o t  of v i s i b i l i t y  versus t o t a l  time. Without automatic 

reduct ion  techniques,  such an  approach would be t o t a l l y  

imprac t icable  for analysis of anything approaching a complete 

y e a r ' s  data. E s s e n t i a l l y  t h e  same information can be obtained 

by sampling the  records  at  t i m e s  of known v i s i b i l i t y  reduct ion  

and then p resen t ing  the  v i s i b i l i t i e s  and du ra t ions  observed. 

The form of p r e s e n t a t i o n  chosen f o r  t h i s  r epor t  was that  of 

p l o t t i n g  number of v i s i b i l i t y  fades versus  fade  importance 

f o r  t h e  y e a r  s tud ied .  

and dura t ion ,  t h i s  technique y i e l d s  the  convenience of  a 

s i n g l e  variable as  a measure of t h e  s e v e r i t y  of fades .  T h i s  

form of p r e s e n t a t i o n  may b e  of  d i r e c t  use  i n  p r e d i c t i n g  the  

While l o s i n g  t h e  autonomy of v i s i b i l i t y  

l m p n r t ~ ~ n c e  cf ioncsphe~iz degradatisii of sa t e i i i t e  'crwcicing 

and communications reli-abj l i t y  a t  VHF. 
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2. Time d i s t r i b u t i o n s  

The time d i s t r i b u t i o n  of v i s i b i l i t y  f a d e s  a t  College has 

been s tud ied  by p l o t t i n g  the  annual and d i u r n a l  v a r i a t i o n  of 

f ade  occurrence. An attempt was made t o  r e f i n e  the  technique 

and extend t h e  r e s u l t s  by making seve ra l  such p l o t s  f o r  

var ious  values  of fade  importance. It was found, however, 

that breaking t h e  data i n t o  a s u f f i c i e n t  number of importance 

groups r e s u l t e d  i n  groups t o o  small t o  be s t a t i s t i c a l l y  

s i g n i f i c a n t  w i t h i n  themselves. 

d i s t r u b u t i o n s  of t o t a l  fade occurrence, t h e r e f o r e ,  have been 

r e t a ined .  

3.  S p a t i a l  d i s t r i b u t i o n  

Only the  annual and d i u r n a l  

Severa l  t echniques  were at tempted f o r  ana lys ing  the  

spatial d i s t r i b u t i o n  of fade occurrence. Ult imately,  i t  was 

found that a recognizable  p a t t e r n  emerged from the data only 

when the most d i r e c t  approach t r i e d  was employed. The 

approach was s imply  t o  p l o t  number of f a d e s  versus  hour 

ang le  f o r  each of t he  t w o  r a d i o  stars observed - Cassiopeia A 

and Cygnus A. T h i s  technique combines both  sky coord ina tes  

( i n  t h e  form of hour angle and s t a r - d e c l i n a t i o n )  i n t o  a 

s i n g l e  curve. It also a v e r t s  s y s t e c a t i c  e r r o r s  such as t h e  

f a c t  t ha t  as t ronomical  sources do not  spend equal t i m e  i n  

equal  increments of azimuth (except,  o f  course,  f o r  observa- 

t i o n s  a t  t h e  geograpMca1 p o l e s ) .  A complete y e a r ' s  d a t a  
7.1nnn > r a n i 4  4 -  - - . ? ~ T L  + r ,  m h n n - n + n  - ~ n 4 + ; n n n l  .f'mr\- ; I - ! r . n n o l  

V Y ~ . L  L u u ~ u  A L A  UL 'UGL u u  ocpar a u c  p u o r  ~ . L ~ L L ~ A  A L viii u iu i  L - C L I  

e f f e c t s ;  such a separa t ion  ensues au tomat i ca l ly  i n  t h e  course 

of a yea r  due t o  the r e l a t i o n s h i p  o f  solar and sidereal times. 
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C. Frequency Dependence of V i s i b i l i t y  Reduction 

I n  order  t o  s tudy the  frequency dependence of rad io-  

star v i s i b i l i t y ,  one month's records from t h e  College 456 MC, 

91.44-meter-baseline, in te r fe rometer  were inspec ted  dur ing  and 

near  each fade recorded on t h e  223 MC instrument ,  If a 

sirnultanecus reduct ion  i n  v i s i b i l i t y  l a s t i n g  longer  than a 

few s c i n t i l l a t i o n s  was de tec ted  on t h e  456 MC record,  t h e  

record was sca led  i n  t h e  manner descr ibed  i n  Sec t ion  I11 A. 

Simultaneous'' was taken t o  mean beginning ear l ie r  than  one 11 

minute a f t e r  t h e  end of the 223 MC fade and ending l a t e r  t han  

one minute before  t h e  s t a r t  of  t h e  223 MC fade, The du ra t ion  

of each 456 MC reduct ion  was determined and i t s  fade impor- 

tance  c a l c u l a t e d  (whether o r  not t h e  reduct ion  q u a l i f i e d  a s  

a fade by t h e  c r i t e r i a  of Sec t ion  I11 A), ,  

223 MC fade, t h e  r e l a t i v e  importance observed on 456 MC t o  

t ha t  observed on 223 MC was ca l cu la t ed  by t ak ing  the r a t i o  

of the  two fade importances. The d i s t r i b u t i o n  of  r e l a t i v e  

importance was p l o t t e d  and i s  presented i n  Sec t ion  I V  D. 

D. Comparisons wi th  o ther  Geophysical Phenomena 

Then, f o r  each 

To ob ta in  some d e s c r i p t i o n  of ionospheric  condi t ions  

during v i s i b i l i t y  fades ,  c e r t a i n  geophysical  records  obtained 

a t  College and a t  o t h e r  Alaskan s t a t i o n s  were inspected.  

Magnetic K-indices a t  College were used as a measure o f  

gene ra l  geophysical a c t i v i t y ,  and 27 MC cosmic-noise absorp- 

t i o n  a t  College was used as a r e l a t i v e  i n d i c a t o r  of  t o t a l  

ionospheric  content.  



Two s p e c i f i c  phenomena - visual and radar aurora  - were 

i n v e s t i g a t e d  f o r  poss ib l e  interdependence wi th  v i s i b i l i t y  

fades .  

between extreme phase s c i n t i l l a t i o n  and the  motion of each of 

two v i s u a l  a u r o r a l  forms through t h e  f i e l d  of view of the  

observing r a d i o  in te r fe rometer .  

l i k e l i h o o d  of a mechanismic r e l a t i o n s h i p  between r a d i o - s t a r  

v i s i b i l i t y  fades  and v i sua l  aurora ,  a s t a t i s t i c a l  a n a l y s i s  

was made of a u r o r a l  a c t i v i t y  l e v e l s  during recorded fades. 

The compilat ion o f  College a l l - s k y  ca%?;era records  by Tryon 

(1959) was used f o r  t h i s  purpose. 

Benson (1960) had repor ted  a c lose  t i m e  correspondence 

I n  order t o  i n v e s t i g a t e  the 

Due t o  the s i m i l a r i t y  of mechanisms know t o  produce 

r a d i o - s t a r  s c i n t i l l a t i o n  and radar au ro ras  - ionospheric  

forward s c a t t e r  i n  t he  one case  and b a c k s c a t t e r  i n  t h e  o t h e r  - 
a search was made f o r  evidence of t h e  common o r i g i n  of r ad io -  

star v i s i b i l i t y  f ades  and radar auroras .  I n  o rde r  t o  i n v e s t i -  

gate t h e  p o s s i b l e  r e l a t i o n s h i p ,  u se  was made of data c o l l e c t e d  

by a chain of a u r o r a l  r ada r s  operated i n  Alaska during the  

IGY (Leonard, 1.961.). 

punch-card t a b u l a t i o n s  of a u r o r a l  b a c k s c a t t e r  r e t u r n  r a t e  

from radars operated a t  King Salmon, Farewell ,  and College. 

Return rates were avzilable 2 s  the  Eiiiibe17 uf Trames p e r  hour 

of radar f i l m  (used a t  f i f t y  frames p e r  hour) which showed 

b a c k s c a t t e r  echoes i n  each of twelve, one-hundred-mile, range 

ca t egor i e s .  The a n a l y s i s  technique used was t o  r m m : \ ? ~ e  t h e  

r e t u r n  rate for a particular radar and range during p a r t i c u l a r  

The data inspec ted  were i n  t h e  form of 
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fades with t h e  mean r e t u r n  r a t e  f o r  a l l  observed times f o r  

tha t  radar and range. For each radar and range, f a d e s  were 

chosen which might reasonably have been caused by s c a t t e r i n g  

w i t h i n  t h e  antenna beam of t h e  radar and wi th in  t h e  p e r t i n e n t  

range l i m i t s .  

Appl ica t ion  of the  technique descr ibed above, of course,  

r equ i r ed  knowledge of which radars, i f  any, were i l l umina t ing  

the l i k e l y  o r i g i n a t i n g  region of each f ade  and t h e  range of 

t h e  reg ion  from t h e  radar;  f i g u r e  5 d i s p l a y s  the  geometry 

involved i n  the necessary ca l cu la t ions .  The geometry i s  t h a t  

a r i s i n g  from a plane-ear th  assumption, which seems j u s t i f i e d  

i n  t h e  wake of such u n c e r t a i n t i e s  as l ack  of p r e c i s e  radar 

antenna p a t t e r n s  and of known h e i g h t s  f o r  t h e  f ade -o r ig in  

regions; t h e  c a l c u l a t i o n s  comprise a t ransformat ion  of fade- 

o r i g i n  p o s i t i o n  from in t e r f e romete r  t o  radar coordinates .  

I n  f i g u r e  5, 0 r ep resen t s  the radar s i te ,  P the  fade-  

o r i g i n  loca t ion ,  and Q the  in t e r f e romete r .  Fade-origin he ight  

i s  represented  by H, and r a d i o - s t a r  d i r e c t i o n  i s  g iven  by 

azimuth, A, and zen i th  angle,  Z, measured a t  t he  in te r fe rom-  

e t e r .  Distance from the  radar t o  the  in t e r f e romete r  and 

azimuth of t h e  in t e r f e romete r  measured a t  the r a d a r  a r e  given 

by S arid 6, r e spec t ive ly .  The fade-or ig in  p o s i t i o n  i s  given 

i n  radar coord ina tes  by zeni th  angle ,  Z, azimuth, e ' ,  and 

range, R. 0 '  i s  measured from the d i r e c t i o n  of the radar 

an tenna-pa t te rn  a i s ,  v k i c h  csrresponds t o  geomagnetic nor th ,  

while A, f3, and 8 are measured from geographic nor th .  (The 

geomagnetic declination of a l l  t h r e e  radar s i t e s  was taken a s  
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Fig, 5. Geometry for Conversion from Interferometer to Auroral-Radar ;p 

Coordinates. 



LwenLy-eight degrees e a s t , )  D, i n  f i g u r e  5, r ep resen t s  the  

ground p r o j e c t i o n  of R; B i s  t h e  nor th  p r o j e c t i o n  of D; and 

E i s  the  e a s t  p ro j ec t ion .  The requi red  coord ina te  transforma- 

t i o n  r e s u l t s  f rom the following simple t r igonometr ic  ca l cu la -  

t i o n s :  

E = 3 s i n  @ + H t a n  Z s i n  A 

B = S cos f3 + H t a n  cos A 

D = ( E  + B )  2 2 1/2 

2 2 1/2 
R = ( D  f H )  

-1 
8 = s i n  (E/D) 
z = tan-' (D/H> 

= e - 280 8 '  

E. Computer Programs 

For p r a c t i c a l  purposes, t h e  above simple c a l c u l a t i o n s  

were complicated by t h e  l a rge  number of fades f o r  which t r a n s -  

formations were des i r ed ,  an i d e a l  s i t u a t i o n  f o r  the Universi ty  

of Alaska's IBM 1620 d i g i t a l  computer. Accordingly, a program 

f o r  t h e  1620 was w r i t t e n  t o  c a r r y  out the above b a s i c  ca l cu la -  

t i o n s .  It was used i n  conjunction w i t h  another  program 

w r i t t e n  t o  perform c e r t a i n  o t h e r  manipulations.  

the  two programs made i t  p o s s i b l e  t o  c m p a r e  v i s i b i l i t y - f a d e  

and radar-aurora data sys t ema t i ca l ly  and provided program 

v e r s a t i l i t y  f o r  o t h e r  purposes, 

Together, 

I n  p a r t i c u l a r ,  t he  combined programs provided c a l c u l a t i o n  

of r a d i o - s t a r  hour angle  from the  d a t e  and occurrence-time 

of each fade,  p r i n t o u t  of the  hour angle ,  and conversion of 

hour angle  and dec l ina t ion  i n t o  zen i th  ang le  and azimuth, as  
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r equ i r ed  f o r  t h e  b a s i c  ca l cu la t ions  l i s t e d  above. I n  a d d i t i o n  

the program d i r e c t e d  t h e  computer t o  examine t h e  r e s u l t s  of 

each s e t  o f  b a s i c  c a l c u l a t i o n s  t o  determine whether o r  not 

the  po in t  descr ibed  was loca ted  wi th in  the  main lobe  of each 

radar antenna p a t t e r n  and w i t h i n  the  a c t i v e  range l i m i t s  of 

each radar, 

out i n  the coord ina tes  of  one, two, o r  a l l  radars according 

t o  whether the r e s u l t  of each examination was negat ive  o r  

p o s i t i v e ,  The typed output of t he  computer included the  

fol lowing information: 

Fade-origin p o s i t i o n  was then  ignored o r  p r i n t e d  

Month 
Radio-star hour angle  

Fade number a t  t i m e  of fade  

Radar number 1 Azimuth Range 
Radar number 2 Azimuth Range 

RaRge Radar number 3 Azimuth 

Radars were numbered as follows: 

Farewell ,  3 = College. Any radar not i l l umina t ing  t h e  fade- 

o r i g i n  p o s i t i o n  wi th in  i t s  main l o b e  and between its range 

maximum and minimum was el iminated by the  computer and absent  

from the  p r i n t o u t .  

provide data f o r  t h e  p o s i t i o n a l  d i s t r i b u t i o n  of fade 

occurrence.  

1 = King Salmon, 2 = 

The hour-angle p r i n t o u t  was included t o  

811 t n e  inpu t  data requi red  f o r  the above computer 

c a l c u l a t i o n s  were a v a i l a b l e  as known cons tan t s  o r  measured 

variables with the  except ion of fade-or ig in  height .  Height, 
of ,-niircn W W - ' " " )  .LY i a  fino V l A b  cf t>e 12n!cn=wfi para;::eters =f i n t e r e s t ,  

d e s i r e d  as a r e s u l t  of the p re sen t  study. It i s  t o  be  
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remembered, however, Lhat the purpose of  comparing fade  data 

w i t h  radar-aurora da t a  was t o  demonstrate t h e  ex i s t ence  o r  

l a c k  of evidence f o r  the common o r i g i n  of t h e  two phenomena. 

With t h i s  purpose i n  mind, t h e  established he ight  of a u r o r a l  

b a c k s c a t t e r  - 110 ki lometers  (Leonard, 1961) - was used f o r  

the  above ca l cu la t ions .  The r e s u l t  of t h e  comparison, of 

course,  d i s c l o s e s  the degree of v a l i d i t y  of  the  he ight  

a s sump t i o n  , 

The computer programs descr ibed  above a r e  presented  i n  

Fortran language i n  Appendix I. 

c a l c u l a t i o n  of z e n i t h  angle i n  radar coord ina tes  i s  a c t u a l l y  

inc luded  i n  the programs. The n e c e s s i t y  f o r  such a ca l cu la -  

t i o n  w a s  precluded by t h e  f a c t  t ha t ,  f o r  a p a r t i c u l a r  he igh t ,  

s p e c i f i c a t i o n  of range au tomat ica l ly  inc ludes  s p e c i f i c a t i o n  

of z e n i t h  angle .  Hence, c a l c u l a t i o n  and p r i n t o u t  of azimuth 

and range was s u f f i c i e n t  t o  es tabl ish completely t h e  p o s i t i o n  

of any 110-kilometer-high fade w i t h i n  the antenna p a t t e r n  of 

a g iven  radar, 

It w i l l  be noted tha t  no 

The f i r s t  of the programs presented  i n  Appendix I was 

used a l s o  t o  c a l c u l a t e  hour ang le  a t  t imes of record commence- 

ments, i n t e r r u p t i o n s ,  and t e rmina t ions  f o r  purpcses of t a b u l a t -  

i n g  data ava i lab i l i ty  t o  be used i n  m r e c t i n g  t h e  observed 

p o s i t i o n a l  d i s t r i b u t i o n  of fade occurrence.  Output of t h i s  

program was con t ro l l ed  by the sense-switch statement.  T h i s  

s ta texent  aiiowed operator.  choice 03 immecilate p';-inT;o.At or^ 

hour  ang le  ( f o r  t h e  d a t a  availability a p p l i c a t i o n )  o r  card 

punchout of t h e  information f o r  u s e  i n  subsequent ca3 ciilat.ions 
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and p r i n t o u t  ( f o r  che observed p o s i t i o n  distribution and 

radar-aurora a p p l i c a t i o n s ) .  

A simple program f o r  compiling 27 MC r iometer  data was 

w r i t t e n  f o r  u s e  i n  comparing fade occurrence with ionospheric  

absorpt ion.  It i s  presented i n  Appendix 11. 



IV. RESULTS 

-4. Importance Di s t r ibu t ion  

During t h e  one year  f o r  which in t e r f e romete r  r eco ras  

were inspected,  an average of  about one v i s i b i l i t y  fade  per  

day was found on 223 PICel 

repor ted  by L i t t l  e, Ivlerritt, S t i l - t ne r ,  and Cogmrd (1957), 

which reduced t h e  v i s i b i l i t y  of  Cyg A t o  an  average of 0.3 

The most  severe  fade was one 

-- - ---- -- 

f o r  84 minutes, y i e l d i n g  an importance of 59 minutes. z For 

the remaining 352 fades ,  the importance was e s s e n t i a l l y  

normally d i s t r i b u t e d ,  a s  shown i n  f i g u r e  6. Recal l ing t h e  

d e f i n i t i o n  of fade importance, i t  i s  apparent  t h a t  t h e  most 

common f a d e s  - of importance around two minutes - t y p i c a l l y  

represent  approximately a ha l f - r educ t ion  i n  r a d i o - s t a r  

v i s i b i l i t y  f o r  a pe r iod  of about f o u r  minutes. For purposes 

of data reduct ion,  t h e  importance of minimal fades  (dura t ion  

t h r e e  minutes, v i s i b i l i t y  0.5, importance 1.5) was rounded 

o f f  t o  two, so  t h a t  many o f  the  f ades  included i n  t h e  f i r s t  

data po in t  of f igure 6 were, i n  f a c t ,  minimal fades .  

B. Time D i s t r i b u t i o n s  

The d i s t r i b u t i o n  of fade occurrence i n  time i s  presented  

i n  f i g u r e s  7 and 10, the former showing the annual d i s t r i b u -  

t i o n  as  the  average number of facles p e r  data day for eacn 

1 

2 

- 
No c o r r e c t i o n  f o r  m i s s i n g  o r  unuseable data. 

It i s  p o s s i b l e  that  a fade of 105-minute importance occurred. 

va 1 i d i  t y que s t ionab 1 e. 
Evidence nf ecpiprnent t.rnl-I.hlPj h n w P z I P r j  has left; it. g 
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montn and t h e  l a t t e r  giving t h e  d a i l y  d i s t r i b u t i o n  as t h e  

average number of f ades  per f u l l  year  of data f o r  each hour. 

The terms 

tha t  the p l o t s  have been cor rec ted  f o r  l o s t  observing time. 

That i s ,  the  o rd ina te  corresponding t o  each d a t e  i n  t h e  annual 

d i s t r i b u t i o n  i s  based on the  same number of hours  of observa- 

t i o n  (24), and t h e  o rd ina te  corresponding t o  each hour i n  

t h e  d a i l y  d i s t r i b u t i o n  i s  based on t h e  same number of days 

of observa t ion  (365) during that  hour. l!ith one except ion,  

t he  loss of observing time was s u f f i c i e n t l y  small and s u f f i -  

c i e n t l y  wel l  d i s t r i b u t e d  i n  t i m e  of day and yea r  that  such 

c o r r e c t i o n  c l e a r l y  r e s u l t s  i n  a v a l i d  d i s t r i b u t i o n  curve. 

The one except ion was the  month of February, 1958, during 

which d i f f i c u l t y  with the  i n t e r f e r o m e t e r ' s  l o c a l  o s c i l l a t o r  

r e s u l t e d  i n  cons iderable  l o s t  and u n r e l i a b l e  da ta .  

Accordingly, February has been omitted f r o m  t h e  annual 

d i s t r i b u t i o n ;  t h e  r e l i a b l e  data which a r e  a v a i l a b l e  f rom 

February show no s t r i k i n g  depar ture  from the d i s t r i b u t i o n s  

i n d i c a t e d  by t h e  o t h e r  eleven months. 

1. Annual d i s t r i b u t i o n  

I t  p e r  data day" and "per full year  of data" i n d i c a t e  

The most r a t i c e a b l e  f e a t u r e  i n  t h e  annual d i s t r i b u t i o n  

of f ade  occurrence i s  an autumnal maximum, which peaks, on 

f i g u r e  7, during t h e  month of November, 1957. A f o r t u n a t e  

f a c t  r e s u l t i n g  a c c i d e n t a l l y  from t h e  choice o f  observing 

per iod  i s  t h a t  two such autumnal. maxima a r e  present i n  t h e  

data. That i s ,  i n  s p i t e  of t h e  f a c t  that  t h e  observa t ions  

from which data were used began on November 1, 1957, and 



37 

c 

ended on October 3lst ,  1958, no s e r i o u s  d i s c o n t i n u i t y  i n  the 

autumnal maximum ensues. The l ack  of a d i scon t inu i ty ,  of 

course,  i n d i c a t e s  a r e p e t i t i o n  of t h e  maximum, thereby  lending 

v e r i f i c a t i o n  of i t s  ex is tence  as an  annual f e a t u r e .  

Due t o  the considerable  v a r i a t i o n  i n  number of fades 

occurr ing  on consecut ive days, it was necessary t o  average 

over  a t  l e a s t  several days i n  order  t o  o b t a i n  a reasonably 

smooth annual d i s t r i b u t i o n ;  figure '7 i s  t h e  r e s u l t  of such 

averaging f o r  pe r iods  o f  one month. The r e s u l t  of a s h o r t e r  

averaging  pe r iod  i s  shown i n  f i g u r e  8. It is evident  tha t  an 

averaging pe r iod  of  l ess  than one week i s  not  quite s u f f i c i e n t  

t o  overcome random v a r i a t i o n s  i n  one year 's  data. To t h e  

e x t e n t  that  such an  averaging pe r iod  produces r e l i a b l e  r e s u l t s ,  

however, the autumnal maximum appears t o  peak e a r l y  i n  

November. The lack of d i s c o n t i n u i t y  between the  las t  per'iod 

i n  October, 1958, and the f i rs t  i n  November, 1957, aga in  

l e n d s  some weight t o  the  l i k e l y  r e a l i t y  of such a peak i n  the 

f a c e  of the deep depression i n  t h e  curve (assumed randomly 

produced) during the second and t h i r d  averaging pe r iods  of 

November, 1957. I f  the e a r l y  November peak i n  t h e  autumnal 

maximum i s  genuine, i t  i s  seen t o  occur q u i t e  n e a r l y  midway 

between the  autumnal equinox and the  win te r  s o i s t i c e .  

With a y e a r l y  component i n  fade occurrence established, 

one i s  disposed t o  looking f o r  a semi-annual component. The 

p o s s i b i l i t y  o f  such a C G t i i p Z e i i t  f3 suggeste.j, 2.2 figcre 7 h y  

t h e  month of May, 1958. The inc reased  r a t e  o f  occurrence 

dur ing  May, however, i s  not  large enough t o  preclude a 
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reasonable  doubt about i t s  v a l i d i t y  as an  annual f e a t u r e .  

Fu r the r ,  only one y e a r ' s  da ta  are present  i n  the sp r ing  

pe r iod  of f i g u r e  7 i n  c o n t r a s t  wi th  t h e  i n c l u s i o n  of two 

d i f f e r e n t  y e a r ' s  data i n  the autumnal maximum. 

an  i n t e r e s t i n g  po in t  i s  r a i s e d  i n  f i g u r e  8 concerning t h e  

p o s s i b l e  ex i s t ence  of a spr ing maximum. The f e a t u r e  i n  

ques t ion  i s  the rather sharp peaking of the a l l e g e d  spr ing  

maximum during the second f ive-day per iod  of May; t h e  peaking 

occurs  quibe p r e c i s e l y  midway between the spr ing  equinox and 

the summer s o l s t i c e .  

caused almost e n t i r e l y  by a l a r g e  number o f  fades which 

occurred on a s i n g l e  day, during which t h e  cond i t ion  of t h e  

ionosphere may we l l  no t  have represented  the usua l  condi t ion  

f o r  that  t i m e  of year .  A spr ing  maximum i n  fade  occurrence, 

t h e r e f o r e ,  must be  considered only as suggested by t h e  data 

i n  c o n t r a s t  w i th  the  autumnal maximum, which may be considered 

q u i t e  wel l  e s t ab l i shed .  

Nevertheless,  

It i s  pointed out t h a t  the  peak was 

Concerning any apparent annual v a r i a t i o n  i n  occurrence 

of v i s i b i l i t y  fades, however we l l  e s t ab l i shed ,  the  quest ion 

immediately a r i s e s  as  t o  whether t h e  v a r i a t i o n  r e p r e s e n t s  a 

t rue  annual change i n  ionospheric  condi t ions  o r  r a t h e r  occurs  

aue t o  some annuai iy  varying conui t ion  01 observat ion.  i n  

p a r t i c u l a r ,  i t  would b e  reasonable t o  expect an  e f f e c t  due t o  

a coincidence, during some p a r t  of t h e  year ,  of p o s i t i o n a l  

2nd dium-al maxima in flee occur rence.  That is, CLLring t h e  

t ime of t he  year  when t h e  r a d i o  s t a r  was i n  a favored fade  

p o s i t i o n  a t  a favored time of day, one m - t g h t  expect t o  obseive 



a n  i n c r e a s e  i n  t h e  number of f ades  occurr ing  pe r  day even i n  

t h e  absence of any r e a l  annual v a r i a t i o n  i n  ionospheric  condi- 

t i o n s .  It i s  a simple mat te r  t o  t e s t  f o r  such an  e f f e c t  by 

us ing  two r a d i o  stars which are  d isp laced  from one another  b y  

a s u f f i c i e n t  amount i n  r i g h t  ascension. 

Cygnus A s a t i s f y  t h i s  requirement, being d isp laced  hy about 

t h r e e  and one-half hours  i n  r i g h t  ascension. 

the  annual d i s t r i b u t i o n  of f ades  f o r  each of the  two stars 

independently.  The program of observa t ion  from November, 

1957, through June, 1958, cons i s t ed  of switching from one 

r a d i o  star t o  t h e  o t h e r  a t  i n t e r v a l s  of f o u r  days, while 

observa t ions  from Ju ly  through October, 1958, used the  Cygnus 

source exc lus ive ly .  Fortunately,  t h e  l ack  of Cas data during 

the l a t t e r  per iod  of observat ions i s  not  important f o r  present  

purposes. 

Cassiopeia A and 

Figure 9 shows 

Due t o  t h e  t h r e e  and one-half hour d i f f e r e n c e  i n  r igh t  

ascens ion  between Cygnus and Cassiopeia,  any annual v a r i a t i o n  

i n  f ade  occurrence a r i s i n g  from superpos i t ion  of d i u r n a l  and 

p o s i t i o n a l  e f f e c t s  would d i s p l a y  about a two month lag of  t h e  

Cassiopeia curve r e l a t i v e  t o  t h e  Cygnus c w v e .  No such lag 

e x i s t s  i n  t h e  autumnal maxima of t h e  two d i s t r i b u t i o n s  shown 

in f i g u r e  y; t h e  Cygnus d i s c r i m t i o n  peaks i n  November, ana 

t h e  Cas d i s t r i b u t i o n  peaks no l a t e r  than  November. I n  t h e  

spr ing ,  t h e r e  i s  a one month lag of t h e  Cas maximum compared 

with t h e  cyg maxi!?mm !.!hen t h e  distributions 2 r e  presef i tee,  

as i n  f i g u r e  9,  on t h e  b a s i s  of a one-month averaging pe r iod .  

It i s  p o s s i b l e  that  a s h o r t e r  averaging period would produce 
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more nea r ly  t h e  requi red  two-month l ag .  A s  pointed out  i n  

d i scuss ion  o f  f i g u r e  8, however, s h o r t e r  averaging p e r i o d s  

r e s u l t  i n  marginal ly  r e l i a b l e  d i s t r i b u t i o n s  even when data 

from both stars are used; t h e  condi t ion  is worsened f o r  

s i n g l e - s t a r  d i s t r i b u t i o n s  because of t h e  i n h e r e n t l y  smaller  

s t a t i s t i c a l  sample involved i n  each curve and because of the  

four-day per iod  of  a l t e r n a t i o n  between stars. 

then,  the  sp r ing  maximum i n  occurrence l e v e l  must be l e f t  i n  

an u n c e r t a i n  s ta te  compared with t h e  autumnal max imum.  It 

i s  no t i ceab le  t ha t  t h e  ex is tence  of a sp r ing  maximum i s  much 

more evident  i n  t he  independent Cassiopeia d i s t r i b u t i o n  than  

i n  the combined d i s t r i b u t i o n  of t h e  two stars.  Again, how- 

ever, t h i s  i s  due l a r g e l y  t o  c o n t r i b u t i o n  from a s i n g l e  day. 

2. Diurnal d i s t r i b u t i o n  

Once again,  

I n  o rde r  t o  study the  d i u r n a l  d i s t r i b u t i o n  of fade  

occurrence,  i t  i s  necessary t o  combine d a t a  from one f u l l  

yea r  ( o r  an i n t e g r a l  number of  yea r s )  so  that  any p o s i t i o n a l  

d i s t r i b u t i o n  w i l l  be smoothed out. I n  t h e  case of t h e  d a t a  

used i n  the p resen t  study, i t  was necessary also t o  u se  only 

records  obtained from t h e  Cygnus source due t o  t h e  absence 

of Cassiopeia data during t h e  l as t  f o u r  months of t h e  observa-  

t i o n s .  Simply r e s t r i c t i n g  the  data used i n  t h e  d iu rna l  s tudy 

t o  that  obtained with t h e  Cygnus source,  however, would be 

s e l f - d e f e a t i n g  as  an attempt t o  purge t h e  r e s u l t  o f  p o s i t i o n a l  

L a  uLa8. 

t o  t h e  par t  of t h e  year  during which Cygnus was observed 

cont inuously as compared with that  p a r t  during which i t  was 

s-ucii 8 proced-ui?e -wo-uid g iv -e  di spropoiqioiiate -w-eigr"lt 
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observed i n t e r m i t t e n t l y  a t  four-day i n t e r v a l s .  This  e f f e c t  

can be counteracted by weighting t h e  data f rom t h e  i n t e r m i t -  

t e n t  part of t h e  year  twice as heav i ly  as that  f rom the I 

continuous par t  of t h e  year; t h e  i n t e r m i t t e n t  n a t u r e  of the  

former data i s  i t s e l f  unimportant, t h e  r e l a t i v e  change i n  

s i d e r e a l  and solar  t i m e  adr ing any four-day per iod  being 

i n s i g n i f i c a n t  i n  t h i s  regard. 

The d i u r n a l  d i s t r i b u t l o n  r e s u l t i n g  f r o m  a n a l y s i s  of t h e  

Cygnus data is presented  i n  f i g u r e  10. The most prominent 

f e a t u r e  of  t he  d i s t r i b u t i o n  i s  t h e  obvious early-morning 

maximum, which reaches a peak about two hours  a f t e r  l o c a l  

midnight, Figure 10 i s  inhe ren t ly  an  average d i u r n a l  

d i s t r i b u t i o n  of fade occurrence s ince  a whole y e a r ' s  data were 

used i n  i t s  cons t ruc t ion ,  The quest ion of change, during t h e  

course of t he  year ,  i n  t h e  d i u r n a l  d i s t r i b u t i o n  of fades 

n a t u r a l l y  a r i s e s ,  The y e a r ' s  observa t ions  d i d  not  give a 

s t a t i s t i c a l l y  s i g n i f i c a n t  number of data i n  any month and 

only marginal ly  s o  i n  any season t o  desc r ibe  such a change 

d i r e c t l y .  It i s  poss ib le ,  however, t o  i n f e r  t h e  ex ten t  of 

such a change by manipulation of  the o r d i n a t e s  of f i g u r e  10. 

The manipulation 

each month t o  the  ord ina te  by a f a c t o r  which i s  i n v e r s e l y  

propor t iona l  t o  t h a t  month's l e v e l  on t h e  annual occurrence 

d i s t r i b u t i o n ,  

d i s t r i b u t i o n  - f i g u r e  11 - i n  which the con t r ibu t ion  f rom each 

i 

~ 

c o n s i s t s  of mul t ip ly ing  the con t r ibu t ion  of 

Such a procedure r e s u l t s  i n  a n  average d i u r n a l  
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month i s  equal. I n  con t r a s t ,  the  r e spec t ive  c o n t r i b u t i o n s  to 

f i g u r e  10 are weighted according t o  t h e  r e l a t i v e  monthly 

occurrence levels .  

Arguments can be invoked f o r  p re sen t ing  t h e  d i u r n a l  

d i s t r i b u t i o n  i n  e i t h e r  of the  two manners descr ibed above; 

t h e y  a r e  both  y e a r l y  averages and one o r  t h e  o t h e r  may be 

p r e f e r a b l e  f o r  c e r t a i n  purposes. For t h e  present  d i scuss ion ,  

i t  i s  the d i f f e r e n c e  between the n a t u r e s  o f  the two p resen ta -  

t i o n s  r a t h e r  t h a n  t h e  na ture  of e i t h e r  which i s  important.  

The d i f f e r e n c e  i n  na tu re  w i l l  produce a no t i ceab le  d i f f e r e n c e  

i n  shape of the two d i s t r i b u t i o n s  if any s i g n i f i c a n t  annual 

change i n  d i u r n a l  p a t t e r n  e x i s t s .  Comparison of f i g u r e s  10 

and 11 r e v e a l s  immediately that  t h e r e  i s  some seasoca l  varia- 

t i o n  i n  d i u r n a l  d i s t r i b u t i o n  of fade occurrence. The o rd ina te  

manipulation c a r r i e d  out t o  produce f i g u r e  11 s t rong ly  

emphasizes t he  af te rnoon maximum suggested i n  t he  d i s t r i b u t i o n  

of f i g u r e  10. 

t h e  "normal" d i u r n a l  d i s t r i b u t i o n  of fade  occurrence, then  

t h e  d i f f e r e n c e  between i t  and f i g u r e  10 impl ies  that  t h e  

I f  one thinks of f i g u r e  11 as rep resen t ing  

abnormal" seasonal  per iods  of enhanced occurrence b r ing  with I t  

them a f l a t t e r  d i u r n a l  d i s t r i b u t i o n .  That is ,  f ades  t end  t o  

occur  a t  two peak t imes of day during most of  the  yea r  but  

more a t  any t i m e  of day during t h e  a c t i v e  months. It i s  t o  

be noted that ,  while  the af te rnoon peak smooths out during 

a c t i v e  meiiths, the ear ly-morn ing m a x i x x m  appears t o  persis t  

throughout the year.  
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C. Spa t i a l  D i s t r i b u t i o n  

The techniques by which the p o s i t i o n a l  d i s t r i b u t i o n  of 

fade  occurrence were s tudied are similar t o  those employed 

f o r  t h e  d i u r n a l  s t u d i e s .  The reason f o r  s i m i l a r i t y  i n  

techniques i s  obvious i f  one u s e s  source hour-angle as the  

basis f o r  p o s i t i o n a l  study, s i n c e  t he  p o s i t i o n a l  d i s t r i b u t i o n  

t h e n  i s  tantamount t o  a d i s t r i b u t i o n  of fade occurrence i n  

sidereal time. It i s  s u f f i c i e n t  t o  say, then,  that  a 

p o s i t i o n a l  d i s t r i b u t i o n  must be cons t ruc ted  from data 

c o l l e c t e d  over  one o r  more f u l l  y e a r s  from a source which i s  

observed c o n s i s t e n t l y  and t h a t  i t  must be cor rec ted  f o r  any 

v a r i a t i o n s  i n  a v a i l a b i l i t y  of t hose  data. Accordingly, t h e  

r e s u l t i n g  d i s t r i b u t i o n  i s  an  average one and may be presented 

wi th  o r  without a co r rec t ion  f o r  seasonal  v a r i a t i o n  of a c t i v -  

1 

i t y  

Two such average d i s t r i b u t i o n s ,  u s ing  Cygnus data from 

58, a r e  presented  i n  f i g u r e s  1 2  and 13, the l a t t e r  inc luding  

t h e  seasonal  co r rec t ion ,  I n  c o n t r a s t  t o  t h e  case f o r  d i u r n a l  

d i s t r i b u t i o n ,  t h e r e  appears t o  be  l i t t l e  d i f f e r e n c e  between 

as descr ibed  i n  the d i scuss ion  of f i g u r e s  10 and 11. 

1957- 

t h e  two p o s i t i o n a l  p l o t s ,  i n d i c a t i n g  l i t t l e  o r  no seasonal  

change i n  p o s i t i o n a l  d i s t r i b u t i o n .  

Two prominent f e a t u r e s  are evident  i n  both f i g u r e s  12 

and 13, a sharp maximum a t  zero hour-angle and a broader ,  l ess  

pronounced one t o  t h e  west. In t e r f e romete r  geometry by i t s e l f  

' I n t e r rup t ions  must be kept s h o r t  compared with the per iod  
_ _  I-__-._ . --_._--_I - -  I_--c 

r equ i r ed  t o  produce a s i g n i f i c a n t  It s l i p "  between solar and 
sidereal t i m e .  
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could produce two maxima i n  the  p o s i t i o n a l  d i s t r i b u t i o n  of 

v i s i b i l i t y  f ades  f o r  circumpolar r ad io  stars. A s  the source 

moves through the sky, t h e  p r o j e c t i o n  of the in t e r f e romete r  

b a s e l i n e  on t h e  normal t o  the  a r r i v i n g  r a y  path cont inuously 

changes. Th i s  p ro jec t ion ,  which r ep resen t s  t h e  e f f e c t i v e  

antenna spacing f o r  the  in t e r f e romete r  reaches two equal 

maxima during a s i d e r e a l  day, one each t ime the  r ay  path i s  

perpendicular  t o  t h e  base l ine .  Maximum e f f e c t i v e  spacing 

produces optimum ins t rumenta l  condi t ions  f o r  loss of c o r r e l a -  

t i o n  between s i g n a l s  a r r i v i n g  a t  the two antennas and hence 

f o r  the occurrence of v i s i b i l i t y  fades. 

College in t e r f e romete r s ,  which have east-west base l ines ,  

maximum e f f e c t i v e  spacing occurs  a t  upper and lower t r a n s i t  

of circumpolar stars. 

rence maxima a t  hour angles  of zero and t w e l v e ,  then,  could 

be explained pu re ly  on t h e  basis o f  observa t iona l  geometry. 

For the  case  of t h e  

An approximately e w a l  p a i r  of occur- 

F igu res  1 2  and 13 obviously d i s p l a y  one of t h e  geometri-  

cal ly-expected maxima, b u t  t h e r e  i s  not t h e  s l i g h t e s t  sugges- 

t i o n  of t h e  other .  The absence of a n  occurrence maximum a t  

lower t r a n s i t  c l e a r l y  i m p l i e s  t ha t  t h e  maximum experienced 

a t  upper t r a n s i t  i s  of geophysical s ign i f i cance .  The broad 

maximum experienced a t  wes t  nour ang le s  i s  not t o  be expected 

on the basis of ins t rumenta l  geometry and must be  viewed as 

a r i s i n g  s o l e l y  from ionospheric  e f f e c t s .  An i n t e r p r e t a t i o n  

of figures 1 2  and 13 i s  discussed i n  Sect ion V, 
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D. Frequency Dependence of V i s i b i l i t y  Reduction 

The r e s u l t s  of a one-month comparison of v i s i b i l i t y  data 

For the month on two f requencies  a r e  presented i n  f i g u r e  14,  

Qf December, 1957, records from t h e  456 MC phase-switch 

i n t e r f e r o m e t e r  were inspected f o r  decreases  i n  v i s i b i l i t y  a t  

the  times of known 223 MC v i s i b i l i t y  fades .  

was de tec t ed  (whether o r  not it would have been s u f f i c i e n t  t o  

q u a l i f y  as a fade  by the c r i t e r i a  e s t a b l i s h e d ) ,  i t s  importance 

was c a l c u l a t e d  according t o  t h e  d e f i n i t i o n s  of fade  importance. 

Figure 14  d i s p l a y s  t h e  number d i s t r i b u t i o n  of 223 MC fades as  

a func t ion  of the r e l a t i v e  importance of 456 MC v i s i b i l i t y  

decrease t o  223 MC decrease.  That i s ,  t h e  abs-iasa of f i g u r e  

14  i s  the  r a t i o  of 456 MC importance t o  223 MC importance a t  

the  t i m e  o f  223 MC fades, The d i s t r i b u t i o n  i s  seen t o  be 

quasi-normal, peaking a t  a r e l a t i v e  importance of 0 ,2 .  

When any decrease 

It must be  poin ted  out tha t  f i g u r e  14 does not  present  

the  e n t i r e  observed r e l a t i o n s h i p  between v i s i b i l i t y  reduct ion  

on 223 MC and 456 MC; systematic  i n spec t ion  of a l l  records 

from the  456 MC i n t e r f e romete r  f o r  t h e  month of December, 

1957, revea led  seve ra l  i n s t ances  of v i s i b i l i t y  decrease on 

1+56 MC with no corresponding decrease  on 223 MC. 

of December, 1957, was not s p e c i f i c a l l y  picked f o r  frequency 

comparison; it simply was the  f i r s t  month f o r  which records 

were examined and may be  considered as randomly chosen. 

The month 

c Pnmnnn-l m n n  r . r i  fh n G h n m  Ennnh7rc-i 0-1 Phonnmana u. w w l l - p u r  L L U V A A  V V - L V I A  U V A ~ U I  U - U ~ L ~ J  u A L , u A  A . L A u A + u , . . u A . -  

1. Magnetic K-index 
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I n  a d d i t i o n  t o  t h e  d i s t r i b u t i o n s  of v i s i b i l i t y  fades i n  

time and d i r e c t i o n  f r o m  the  observing p o i n t ,  occurrence was 

s tud ied  as a func t ion  of severa l  measureable geophysical 

q u a n t i t i e s .  The f irst  of t h e s e  t o  be presented i s  magnetic 

K-index. For t h e  time of each v i s i b i l i t y  fade  observed on 

223 MT, t h e  3-hour K-i.ndex f o r  College was recorded; t h e  

number of fades which occurred during p e r i o d s  having each 

i n t e g r a l  value o f  K was then determined. The r e s u l t i n g  fade  

d i s t r i b u t i o n  as a func t ion  i f  K-ind2:c i s  presented as t h e  

s o l i d  curve of f i g u r e  15. Such a d i s t r i b u t i o n  i s  of no value, 

of course,  u n l e s s  t h e  r e l a t i v e  r a t e s  of  occurrence of the K 

i n d i c e s  themsel.ves i s  kno-m; t h i s  information i s  presented 

by t h e  dashed curve of f i g u r e  15. The dashed curve g ives  t h e  

fade d i s t r i b u t i o n  which would be expected if no K-index 

depepdence of fade  occurrence ex i s t ed .  Comparison of t h e  two 

curves shows t h a t  t h e  observed d i s t r i b u t i o n  i s  q u i t e  similar 

t o  t h a t  expected f o r  no dependence except f o r  a s t a t i s t i c a l l y  

marginal excess  of observed f ades  a t  very high magnetic 

a c t i v i t y  l e v e l s  and a somewhat sharper peaking o f  t h e  observed 

curve a t  K-index = 2. The sharper  pezking i s  of s u f f i c i e n t  

degree t o  imply a poss ib l e  preference  f o r  moderzte magnetic 

a c t i v i t y  l e v e l s .  

Because of t h e  inconclusive na tu re  of f i g u r e  15, a 

second i n v e s t i g a t i o n  of K-index dependence was made, us ing  
r-a(je importance i.at--lci< L1- - -- - - -.- -u-u - - -- c U L ~ I ~  u G c u l . L . e I i G c  I a b c  zs t h e  d ~ p e f i d e n t  

variable. The importance f a c t o r s  f o r  the  fades  occurr ing 

during each value of K-index were added toge the r  and t h e  sum 



52 

I. 

div ided  by the  number of f ades  i n  each group t o  g ive  t h e  

average importance of a l l  f ades  occurr ing  during each leve l .  

The r e s u l t s  of t h i s  procedure have been p l o t t e d  i n  f i g u r e  16. 

No magnetic dependence would r e s u l t  i n  a f l a t  d i s t r i b u t i o n  of 

importance as a f u n c t i o n  of K-index. Hence, f i g u r e  16 shows 

that  when average importance i s  used as  the c r i t e r i o n ,  t h e r e  

i s  a d e f i n i t e  preference  f o r  moderate magnetic a c t i v i t y  

l e v e l s .  The importance c r i t e r i o n ,  then,  cor robora tes  the 

t e n t a t i v e  conclusion of the occurrence c r i t e r i o n  although t h e  

a c t u a l  peaks of t h e  two d i s t r i b u t i o n s  d i f f e r  by one i n t e g r a l  

value of K-index. 

2. Cosmic-noise absorp t ion  

Comparison of fade occurrence and r e l a t i v e  e l e c t r o n  den- 

s i t y  of t he  ionosphere was c a r r i e d  out by p l o t t i n g  number of 

f ades  a g a i n s t  absorp t ion  l e v e l  measured a t  27 MC by t h e  

College v e r t i c a l  RIOMETER 

meter ) ,  which i s  a s e n s i t i v e  i n d i c a t o r  of e l e c t r o n  dens i ty  

i n  t h e  lower E l a y e r  and upper D region. The method of com- 

pa r i son  was similar t o  t ha t  descr ibed above f o r  comparison 

wi th  magnetic K-index except f o r  t h e  number of data involved. 

Data were a v a i l a b l e  i n  convenient form ( t a b u l a t i o n s  of 

15-minute samples of absorp t ion)  f o r  on ly  part of the year .  

On t h e  o t h e r  hand, the quarter-hour i n t e r v a l s  between r i o -  

meter data samples a s  compared with the  three-hour  i n t e r v a l  

or' averaging for. K-iridex reaul ted  in zany mere data p s i n t s  

being available f o r  cons t ruc t ion  of a 

( r e l a t i v e  ionospher ic  opac i ty  

II no-dependence'' curve 
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1 
than  was t h e  case i n  f igu re  15. A simple program was 

devised, t h e r e f o r e ,  f o r  t h e  Univers i ty  of Alaska IBM 1620 

d ig i t a l  computer t o  provide automatic compling of r iometer  

data from which t o  construct  the  no-dependence curve of 

f i g u r e  17. 

The observed d i s t r i b u t i o n  of f ades  wi th  absorp t ion  l e v e l  

i s  represented  by the  s o l i d  curve of f i g u r e  17. It was 

e s t a b l i s h e d  i n  the  same way as t h a t  of f i g u r e  15 except tha t  

o r d i n a t e s  a r e  averages of f i v e  data p o i n t s ,  whose absissas 

a r e  separa ted  by one-tenth of one dec ibe l ,  whereas the o r d i -  

n a t e s  of f i g u r e  15 a r e  d i s c r e t e  data po in t s .  T h i s  minor d i f -  

fe rence  i n  p r e s e n t a t i o n  a r i s e s  from t h e  d i f f e r e n t  na tu res  of 

t h e  K-index and absorpt ion data used. The averaging i n  f i g -  

u r e  17 was n e c e s s i t a t e d  by t h e  smaller  t o t a l  number of f ades  

involved due t o  s eve ra l  missing months of convenient absorp- 

t i o n  values.  

I n  s p i t e  of  t h e  s l i g h t l y  d i f f e r e n t  methods of presenta-  

t i o n  used. i n  f i g u r e s  15 aad 16 on t h e  one hand and f i g u r e  17 

on t h e  o t h z r ,  a s i m i l a r i t y  of r e s u l t s  i s  to be noted. I n  

both c e s e z ,  t h e  most  evident depar ture  of  t h e  oSserved curve 

f rom t h e  no-dependence c h a r a c t e r i s t i z  i s  a slic5t p r e f e r w c o  

f o r  moderately d i s t c rSed  condi t ions  ( K  index of 2 t o  4 an.d 

abso rp t ion  of 1 t o  2 Cb)  a t  the expense of com?l.etely q u l e t  

condif.ior?s. I n  both  cases,  a l s o ,  t h e r e  i s  no cIear7.y evtdent  

echa[icerne:ii; of fade  occ-ui<~-ei-~ce fop l-,lghlj,, d-js”,.c;y1zed CZ;;~?~ ~,$z;?E. 

___I___.-_-_I-_ - 
1 
The F o r t r a a  program i s  given i n  Appendix 11. 
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3. Visual  aurora  

S t a t i s t i c a l  i n v e s t i g a t i o n  o f  interdependence between 

v i s i b i l i t y  fades  and v isua l  auroras  was rendered quest ionable  

by l i m i t e d  a v a i l a b i l i t y  of the  most u s e f u l  type of a u r o r a l  

d a t a  - t a b u l a t i o n s  of a u r o r a l  i n d i c e s  from a l l - s k y  camera 

f i l m s .  A one-year s tudy i s  ha rd ly  s u f f i c i e n t  t o  es tab l i sh  

t h e  ex i s t ence  o r  l ack  of a dependence because of t h e  many 

hours of  day l igh t ,  moonlight, and cloud cover,  Such f a c t o r s  

reduce the a v a i l a b i l i t y  of  a u r o r a l  data wel l  below that from 

more continuous measurements such as K-index and r ad io  

absorp t ion ,  Nevertheless,  var ious a t tempts  a t  such a s tudy 

were made, Such techniques as t r y i n g  c o r r e l a t i o n  of fade 

importance wi th  a u r o r a l  index f a i l e d  completely t o  produce 

r e l i a b l e  r e s u l t s ;  due t o  d a t a  l i m i t a t i o n s ,  i t  was found t h a t  

no subdiv is ion  of data i n t o  index o r  importance groupings was 

feasible.  

Only a s t ra ight - forward  comparison of fade occurrence 

and a u r o r a l  occurrence produced even marginal ly  s i g n i f i c a n t  

s t a t i s t i c s .  Such a comparison revealed t h a t  of t h e  107 fades  

which occurred during times f o r  which t h e r e  a r e  r e l i a b l e  

a l l - s k y  camera data, f o r t y  were accompanied by aurora  i n  t h e  

any -'--- acI '-e-+ A c a u b  - - 4 + k - l n  W A U A L A L A  f'qp'fnnn V 1 l . r  r n 3 n i i + P 8  ...-.--___ nf' the fade. The occur- 

rence rate of  aurora  during ( o r  nea r ly  during)  v i s i b i l i t y  

fades, then, was t h i r t y - s e v e n  percent .  By comparison, t he  

o v e r a l l  observed occurrence ra te  of aurora  during roughly 

the  period of time covered by t h i s  r epor t  was twenty-nine 

percent .  The appai*ent. eriliaiicernent. dur'iiig fades is roInga?*aab 1 e 



with t h e  probable e r r o r s  involved i n  comparison and, i n  any 

case,  i s  not s t r i k i n g .  

4. Radar aurora  

Compared with v i s u a l  aurora ,  a r e l a t i v e l y  l a r g e  enhance- 

ment of radar-aurora occurrence during v i s i b i l i t y  fades was 

found. 

t i o n a l  d i s t r i b u t i o n  of fade occurrence had t h e  e f f e c t  of 

making the  King Salmon rada r  t h e  most  important f o r  t h e  study 

descr ibed  i n  Sec t ion  I V  D. 

radar which experienced the  most ope ra t iona l  d i f f i c u l t y  of 

The sharp peak near upper culmination i n  the  pos i -  

Unfortunately,  i t  was j u s t  t h i s  

t h e  t h r e e  of i n t e r e s t ;  i t  operated II a t  very reduced t r a n s -  

m i t t e r  power'' (Leonard, 1961) throughout most  of t h e  per iod  

covered by t h i s  r epor t .  The Farewell  radar, however, d i d  

i l l u m i n a t e  a number of poss ib l e  f ade -o r ig in  reg ions  a t  t imes 

of  i n t e r e s t  and punched-card radar information was a v a i l a b l e  

f o r  some of t hese  cases.  

P r in tou t  of t h e  available Farewell cards  r e s u l t e d  i n  

e leven samples of r e l i a b l e  data f o r  hours during which 

observed fades - i f  produced a t  110 k i lometer  he ight  - would 

have been produced wi th in  t h e  main lobe of t he  antenna and 

between the a c t i v e  range l i m i t s  of t h e  radar. Of t h e s e  

eleiieii data saiiipies, t h r e e  S ~ O W Z C :  20 radar  e ~ h ~ e s  st all; 

examination of t he  computed o r i g i n  p o s i t i o n s  of  t hese  fades  

revealed tha t ,  while they were wi th in  t h e  nominal main lobe  

of t h e  antenna, a l l  t h r e e  were well ou t s ide  t h e  half-power 

beamwidth of t h e  l o b e .  
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The remaining e igh t  data samples showed a mean radar 

r e t u r n  r a t e  of 58% while the  all- t ime mean r e t u r n  r a t e  f o r  

t h e  f o u r  range ca t egor i e s  involved was 19%. 

an enhancement of about t h ree fo ld  i n  radar r e t u r n  r a t e  f o r  

the fade-assoc ia ted  d a t a  simples. Fur ther ,  i n  each of t h e  

e i g h t  samples, the  ind iv idua l  ra te  f o r  t h e  range category 

involved exceeds t h e  a l l - t i m e  mean r a t e  f o r  t ha t  category. 

It i s  t o  be noted that  including the  t h r e e  no-return d a t a  

samples does not des t roy  t h e  enhancement of r e t u r n  r a t e ;  i t  

merely decreases  i t  t o  about twofold. A s p e c i a l  case of some 

poss ib l e  s i g n i f i c a n c e  i s  the one i n  which t h e  ca l cu la t ed  fade-  

o r i g i n  p o s i t i o n  was c l o s e s t  t o  the c e n t e r  of the radar beam 

(one degree o f f - cen te r  i n  azimuth and a t  about t h e  90$-power 

po in t  i n  e l e v a t i o n ) ,  which showed a u r o r a l  backsca t t e r  r e t u r n s  

from the c a l c u l a t e d  range category on 49 out  of t h e  50 frames 

of data c o l l e c t e d  during t h e  hour inc luding  t h e  fade. 

r e t u r n  r a t e s  were experienced from t h i s  and ad jacent  range 

c a t e g o r i e s  f o r  s eve ra l  hours preceding and following t h e  fade.  

Thus t h e r e  was 

High 

I n  view of t h e  above r e s u l t s  from t h e  few a v a i l a b l e  

t abu la t ed  radar data, a v isua l  i n s p e c t i o n  of a small amount 

of f i l m  c o l l e c t e d  by the King Salmon r a d a r  was c a r r i e d  out .  

Such v i s u a l  i n spec t ion  does not  lend  i t s e l f  t o  q u a n t i t a t i v e  

s t a t i s t i c a l  s tudy  without the  establ ishment  of a r e l a t i v e l y  

long-term, semi-automatic program of data reduct ion.  Of t h e  
)in 0 - 2 ~ -  ‘3 ICLUC’D for which film was inspec ted ,  ,b\lzweve’r, 53s appeared 

t o  be a s s o c i a t e d  w i t h  radar r e t u r n s .  The a s s o c i a t i o n  was 

i n f e r r e d  from an i d e n t i f i a b l e  trace which seemed t o  r ecu r  at  
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o r  near  the t imes of  these fades  (wi th in  a few minutes i n  

most c a s e s ) .  C h a r a c t e r i s t i c a l l y ,  this t r a c e  was very f a i n t  

and occurred somewhat c l o s e r  t o  t h e  radar ( u s u a l l y  on the 

o r d e r  of 100 k i lometers  c l o s e r )  than  the  ca l cu la t ed  range. 



V. D I 3 C U 3 3 I O N  

The s ta ted purpose of t h i s  s tudy was t o  i n v e s t i g a t e  

empi r i ca l ly  the t e m p o r a l  and spat ia l  s t a t i s t i c s  of rad io-  

s tar  v i s i b i l i t y  f ades  i n  the  a u r o r a l  zone and t o  e s t a b l i s h  

bhe degree of r e l a t i o n s h i p  of fades with c e r t a i n  o ther  

geophysical  phenomena. The data c o l l e c t e d  and reduced f o r  

t h a t  purpose have been presented and discussed i n  Sec t ion  I V .  

Anything approaching a f u l l  t h e o r e t i c a l  t reatment  of t h e  

ques t ions  a r i s i n g  from t h e  ex i s t ence  of such f ades  i s  beyond 

the  scope of t h i s  paper; i n  t h i s  sec t ion ,  however, i7 ;  i s  

intended t o  po in t  out some in fe rences  which may be drawn 

from the empir ica l  r e s u l t s .  

w i l l  provide a d e s c r i p t i v e  basis upon which l a t e r  t h e o r e t i c a l  

s t u d i e s  may be b u i l t .  

It i s  hoped tha t  the d i scuss ion  

Q u i t e  ev ident ly ,  t h e  most important r e s u l t  of t h e  study 

h e r e i n  r epor t ed  was t h e  discovery of  t h e  l a r g e  number of 

v i s i b i l i t y  fades  which had been recorded on 223 MC by the  

College in t e r f e romete r  between November, 1957, and October, 

1958, 
f a d e s  recorded by any instrument under any condi t ions  depends 

upon the  q u a n t i t a t i v e  c r i te r ia  used i n  de f in ing  a v i s i b i l i t y  

fade  and that t h e r e  i s  no obvious n a t u r a l  l i n e  of demarkation 

between v i s i b i l i t y  fades a s  def ined  h e r e i n  and l e s s e r  o r  l e s s  

lengthy  decreases  i n  v i s i b i l i t y  of a r ad io  star.  

w i t h  t h e  concept of fade importance a v a i l a b l e  as  a measure of 

It i s  t o  be  remembered, of course, t h a t  t h e  number of 

Nevertheless,  

60 
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degradat ion i n  rad io  seeing condi t ions  (as i n  f i g u r e  6 ) ,  t h e  

v i s i b i l i t y  f ade  i s  seen t o  be a s i g n i f i c a n t  anomalous f e a t u r e  

of t h e  a u r o r a l  ionosphere, a t  least  during a maximum sunspot 

per iod ,  

The annual d i s t r i b u t i o n  of  f ade  occurrence,  shown i n  

f i g u r e  7, may be construed t o  desc r ibe  v i s i b i l i t y - f a d e  condi- 
t i o n s  more as I I  t r a n s i t i o n a l "  than  as "anomalous," By t h i s  i s  

meant that  while f ades  do occur as unusual o r  anomalous events  

during any p a r t  of t h e  year,  they  appear  t o  represent  a 

r e l a t i v e l y  common condi t ion of the  a u r o r a l  ionosphere during 

the t r a n s i t i o n  from summer t o  w in te r  s t r u c t u r e  and poss ib ly  

a g a i n  during the oppos i te  t r a n s i t i o n  i n  spr ing.  

The t r a n s i t i o n a l  s ta te  of the ionosphere during v i s i b i l -  

i t y  fades i s  suggested not only by t h e i r  annual d i s t r i b u t i o n  

but a l s o  by t h e i r  d i u r n a l  d i s t r i b u t i o n ,  which i s  shown aver -  

aged over  a yea r  i n  f igure 10. The prominent early-morning 

o c c u r r m c e  I T ~ T ' I T X ~ I  coyresponds Yrec ise ly  (wi th in  t h e  l i m i t s  

s e t  by aver,?gj.-ig) wi th  l o c a l  magnetic midnight. A consid- 

erable c o l l e c t i o n  o f  au ro ra l  data by D a v i s  (1961) shows a 

type  of t r a n s i t i o n  - namely, r e v e r s a l  from predominantly weet- 

ward t o  p r c l o n i z a n t l y  eastward motion - c o n s i s t m t l y  t ak ing  

p l a c e  near  magnetic midnight. 

It i s  undoubtedly necessary t o  c l a r i f y  what i s  meant by 

t r a n s i t i o n a l "  i n  the above paragraphs. Cer ta in ly ,  no c l e a r -  I t  

c u t  idea of a p a r t i c u l a r  ionospheric  mechanism i s  meant; t h e  

t e r m  i s  t o  be taken i n  a genera l  way. The only particular 
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f e a t u r e  of t h e  " t r a n s i t i o n "  (o r  the seve ra l  k inds  of 

t r a n s i t i o n )  which seems evident i n  the  data i s  that  i t  i s  a 

more-or-less normal change f r o m  one cond i t ion  of t h e  a u r o r a l  

ionosphere t o  another ,  rather than  a v i o l e n t  d i s turbance ,  

Support f o r  such a view seems to be contained i n  t h e  d i s t r i b u -  

t i o n s  of fade occurrence with K-index and cosmic-noise absorp- 

t i o n ,  bo th  of which show preferences f o r  mi ld ly  d is turbed  

cond i t ions  and no s i g n i f i c a n t  enhancement during h igh ly  

d i s tu rbed  per iods.  

An a d d i t i o n a l  suggestion of the  t r a n s i t i o n a l  na tu re  of 

v i s i b i l i t y  fades i s  made by comparison of the  d i u r n a l  maximum 

o f  fade  occurrence w i t h  t h a t  of v i s u a l  a u r o r a l  occurrence. 

Data c o l l e c t e d  a t  s e v e r a l  Alaskan s t a t i o n s  inc luding  College, 

dur ing  the  a u r o r a l  observing season of 1957-8 (Davis ,  1961) 

d i s p l a y  a maximum i n  a u r o r a l  occurrence a t  o r  s h o r t l y  before  

midnight, l o c a l  time, The d i u r n a l  maximum i n  fade occurrence,  

then,  fol lows that  f o r  v i sua l  au ro ras  by about two hours. 

During the  in t e rven ing  time, the  a u r o r a l  occurrence l e v e l  has 

f a l l e n  t o  about TO$ of i t s  peak value and t h e  ionosphere 

presumably i s  i n  t r a n s i t i o n  between d i s tu rbed  a u r o r a l  condi- 

t i o n s  and pos t - au ro ra l  condi t ions.  I n  the jargon o f  a u r o r a l  

phys ics ,  r a d i o - s t a r  v i s i b i l i t y  fades would appear  t o  

c o n s t i t u t e  a post-breakup phenomenon i f  r e l a t e d  a t  a l l .  

While the  quest ion of t h e  ex i s t ence  of a r e l a t i o n s h i p  

between v i s u a l  aurora  and v i s i b i l i t y  fades must be l e f t  open, 

there  i s  l i t t l e  doubt concerning one with radar aurora.  

Although the number of simultaneous data a v a i l a b l e  f o r  



systematic  comparison was quite l imi ted ,  the  numerical 

r e s u l t s  were of s u f f i c i e n t  magnitude t o  suggest a r e l a t i o n -  

sh ip  between t h e  two phenomena. Fur ther ,  i n spec t ion  of 

a u r o r a l  radar f i l m  produced a q u a l i t a t i v e  r e s u l t  which i s  

cons i s t en t  with t h e  known c h a r a c t e r i s t i c s  of ionospheric  

s c a t t e r i n g .  The r e l a t i o n s h i p  implied i s  t.hat, a t  and near  

t h e  t ime of fades ,  ionospheric i r r e g u l a r i t i e s  e x i s t  which 

a r e  of such s c a l e  and dens i ty  as t o  promote severe forward 

s c a t t e r  a t  VHF while a c t i n g  as i n e f f i c i e n t  b a c k s c a t t e r e r s  a t  

HF. Such a view ensues from t h e  f a c t  t h a t  f ades  seemed 

r e l a t e d  t o  very weak radar  r e t u r n s  and not  a t  a l l  t o  s t rong  

ones. Film frames exposed near  fade  t imes va r ious ly  d i s -  

played moderate o r  s t rong r e t u r n s  before ,  during, o r  a f t e r  

t h e  fade,  c l o s e r  t o  o r  f a r t h e r  from the  radar t h a n  p red ic t ed ,  

o r  not  a t  a l l ;  on t h e  o ther  hand, a predominance of weak 

r e t u r n s  a t  o r  s l i g h t l y  c l o s e r  than  the p red ic t ed  range was 

observed. The c h a r a c t e r i s t i c  r e t u r n s  ranged i n  i n t e n s i t y  

upwards f rom the threshold  of radar s e n s i t i v i t y ,  suggesting 

t h a t  absence of such r e t u r n s  poss ib ly  was due, a t  t imes,  t o  

observa t iona l  l i m i t a t i o n s  r a t h e r  than  t o  absence of t h e  

c h a r a c t e r i s t i c  ionospheric condi t ions.  S t i l l ,  many f a c t o r s  - 
not  t h e  l e a s t  of which i s  o r i e n t a t i o n  of s c a t t e r i n g  

i r r e g u l a r i t i e s  - probably cont r ibu ted  t o  t h e  l ack  of a one- 

to-one correspondence. 

The r ecu r r ing  discrepancy observed between c a l c u l a t e d  

and observed range i n  the  cases  of simultaneous o r  near  
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simultaneous fades  and r ada r  r e t u r n s  i s  of  poss ib l e  s i g n i f i -  

cance. Since t h e  ca l cu la t ions ,  which were based on an  

assumed he igh t  of 110 k i lome te r s ,  r e s u l t e d  i n  g r e a t e r  ranges 

t h a n  those observed by t h e  radar, t h e r e  i s  an  i n d i c a t i o n  of 

i r r e g u l a r i t i e s  e x i s t i n g  below the assumed he ight .  A p o s s i b l e  

imp l i ca t ion  of t h i s  r e s u l t  i s  that  r a d i o - s t a r  v i s i b i l i t y  faces 

are  r e l a t e d  t o  radar auroras  with unusual ly  low lower 

borders ,  corresponding e i ther  t o  a lowering o r  t o  a th icken-  

ing  of the au ro ra l -backsca t t e r  l a y e r .  On the o t h e r  hand, t he  

e r r o r  introduced i n t o  the c a l c u l a t i o n s  by assumption of a flax 

earth i s  i n  t h e  proper  sense t o  exp la in  t h e  observed d i sc rep -  

ancy. A qyant i t . a t ive  check on t h i s  e r r o r  has not been c a r r i e d  

out .  

!dhile a t  least  occasional  c o n t r i b u t i o n  of E-layer  

i r r e g u l a r i t i e s  t o  the  production of fades  is i n d i c a t e d  by 

a u r o r a l  radar data, t h e  p o s i t i o n a l  d i s t r i b u t i o n  of f ades  

shows that  higher i r r e g u l a r i t i e s  a re  almost always involved. 

The presence i n  f i g u r e  1 2  o f  one geometr ica l ly  induced 

Occurrence maximum and t h e  absence of the  o t h e r  c l e a r l y  

reveals e i ther  a l a t i t u d e  o r  a n  aspect-angle  (or both)  

dependence of fade occurrence. Lower-lati tude observa t ions  

(Flood, 1962) have shown an i n c r e a s e  i n  fade occurrence when 

the  star s i g n a l  i s  passing through t h e  a u r o r a l  ionosphere. 

Accordingly, an  at tempt  has been made t o  exp la in  t h e  two 

maxima shown i n  f i g u r e  1 2  on the  basis o f  auroral- ionosphere 

geometry. Inasmuch as t h e r e  i s  no conclusive evidence tha t  



the  radar a i i rors i  zone d i f f e r s  apprec iab ly  from t h e  visual 

zone, a model has been devised f o r  i n t e r p r e t a t i o n  of f i g u r e  

1 2  on t h e  basis of a s c a t t e r i n g  zone centered  approximately 

on the v i s u a l  a u r o r a l  maximum. The maximum used was 66.5 

degrees  geomagnetic l a t i t u d e ,  corresponding t o  that found by 

D a v i s  (1961) during t h e  1957-8 a u r o r a l  season i n  Alaska. 

F igure  18 shows t h e  p o s i t i o n  of D a v i s '  maximum along 

with the approximate p o s i t i o n s  of h i s  half -occurrence levels.  

A s h o r t  l i n e  a l s o  has been drawn p a r a l l e l  t o  the  a u r o r a l  

maximum and through t h e  in t e r f e romete r  s i t e  a t  College. T h i s  

l i n e  i n d i c a t e s  the  two azimuths f o r  which t h e  h o r i z o n t a l  

component of t he  Cygnus ray-path angle-of- incidence t o  the  

a u r o r a l  zone i s  zero. Consider a system of i r r e g u l a r i t i e s  

confined t o  and uniformly d i s t r i b u t e d  wi th in  the  i d e a l i z e d  

a u r o r a l  zone of  t h e  f igu re .  If there were no change i n  

v e r t i c a l  component of t h e  ray-path incidence-angle  wi th  

azimuth, maxima i n  fade  occurrence would be expected i n  t h e  

d i r e c t i o n s  i n d i c a t e d  by  t h e  l i n e .  The v e r t i c a l  component 

does change, however, and the manner of i t s  change can be 

implied from t h e  track of the Cygnus ray-path on any l e v e l  

above the sur face .  

shown f o r  100-km he igh t  i n  f i g u r e  18. 

College to t he  t r a c k  p r o j e c t i o n  i s  p ropor t iona l  t o  t h e  tangent 

of the  v e r t i c a l  component of the  inc idence  angle.  

t h e  d i s t a n c e s  f o r  the t w o  azimuths of zero h o r i z o n t a l  

component, i t  i s  c l e a r  t h a t  any fade-occurrence maximum t c  

The ground p r o j e c t i o n  o f  such a t r a c k  i s  

The d i s t a n c e  from 

Comparing 



Fig. 18. Auroral-Zone Geometry with 100-kilometer 
Track. 

66 

I 



t o  b e  observed i n  t h e  wes ter ly  d i r e c t i o n  w i l l  be cons iderably  

s t ronge r  than  any i n  t h e  e a s t e r l y  d i r e c t i o n .  I n  f a c t ,  wi th  

the v e r t i c a l  component considered, a maximum i n  t h e  e a s t e r l y  

d i r e c t i o n  i s  not  t o  be expected while one i n  the wes te r ly  

d i r e c t i o n  i s  l i k e l y .  

The two d i r e c t i o n s  i n  quest ion r ep resen t  azimuths of 

approximately 120 degrees  and 300 degress ,  corresponding t o  

Cygnus hour ang le s  of approximately 3 hours  east and 7 hours  

west, The l a t t e r  fa l l s  wi th in  the  observed fade-occurrence 

maximum appearing a t  wester ly  hour ang le s  i n  f i g u r e  12. 

rudimentary model descr ibed above, then,  appears  t o  expla in  

one of the  observed maxima on t h e  basis of auroral-zone 

The 

geometry. The sharper maximum observed a t  upper t r a n s i t  w i l l  

now be considered,  

A s  d i scussed  i n  Sect ion I V  C, the u p p e r - t r a n s i t  maximum 

could be explained pu re ly  on the basis of ins t rumenta l  

e f f e c t s  i f  t h e r e  were a corresponding peak a t  lower t r a n s i t .  

I n  l i e u  of any o t h e r  explanat ion f o r  the  u p p e r - t r a n s i t  peak, 

it i s  necessary t o  i n v e s t i g a t e  t h e  absence of one a t  l o w e r  

t r a n s i t .  F i r s t ,  i t  i s  obvious that i f  no s c a t t e r i n g  irregu- 

l a r i t i e s  e x i s t  between t h e  s ta r  and the in t e r f e romete r ,  no 

f ades  w i l l  occur, r ega rd le s s  of e f f e c t i v e  spacing (provided 

i t  i s  not  great enough t o  r e so lve  t h e  s t a r ) .  Accordingly, i f  

the  i r r e g u l a r i t i e s  a r e  confined t o  a d e f i n i t e  zone, and i f  the 

l o w e r - t r a n s i t  r a y  path does not pass through that zone, then  

no in s t rumen ta l ly  induced maximum i n  fade occurrence i s  t o  be 

expected a t  lower t r a n s i t .  
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Figure 16 shows that t h e  lower - t r ans i t  ray path does, 

i n  f a c t ,  pass through t h e  i d e a l i z e d  . a u r o r a l  zone descr ibed 

above i f  the zone i s  placed a t  a he ight  of 100 ki lometers .  

Th i s  f a c t  i s  a l s o  shown i n  f i g u r e  19, which d i s p l a y s  t h e  

p e r t i n e n t  geometry i n  a v e r t i c a l  plane through the  College 

meridian.  I n  f lgure  19, however, t h e  s c a t t e r i n g  zone ( l i n e d  

reg ion)  i s  extended upmrd i n d e f i n i t e l y  f r o m  100 km, approxi-  

mate1.y i n  t h e  d i r e c t i c n  of t h e  e a r t h ' s  m a g e t i c  f i e l d ,  The 

Cygnus r ay  pa ths  at lipper and lower t r a n s i t  a r e  shorn passing 

thyough t h e  extended zoi?e. The u p p e r - t r a n s i t  pa th  erzters 

the zone at about 330 ki lometers  height,  whlle  t h e  lower- 

t r a n s i t  path er i ters  a t  abou'; 1-30 k i l  orneters. I r r e g u l c r i t i e s  

confined t o  t h e  zone and ly ing  between 180 and 330 ki lometers  

i n  he igh t ,  then,  w i l l  con t r lbu te  t o  d i f f r a c t i o n  of the  

Cygnus s i g n a l  a t  upper t r a n s i t  but not a t  lower t r a n s i t .  

To t h e  ex ten t  t h a t  t h e  model r ep resen t s  t h e  t r u e  l a t i t u d i n a l  

d i s t r i b u - t i g n  o f  t h e  s c a t t e r i n g  zone, t h e r e f o r e ,  it i s  

suggested that i r r e g u l a r i t i e s  between 180 and 330 ki lometers  

a r e  respons ib le  f o r  t h e  l a r g e  r a t i o  o f  u p p e r - t r a n s i t  t o  lower- 

t r a n s i t  v i s i b i l i t y  fades displayed i n  f i g u r e  12. 

The above cons idera t ions  do not inc lude  the important 

ques t ion  of  aspec t  ang le  between t h e  r ay  pa th  and any p o s s i b l e  

e longated a x i s  of the  s c a t t e r i n g  i r r e g u l a r i t i e s .  It i s  

poin ted  out that  t he  geomagnetic zen i th  angle  o f  Cygnus i s  

less  than  20 degrees  a t  upper t r a n s i t  and near  80 degrees  

a t  lower t r a n s i t ,  s o  t h a t  a s t rong  aspect-angle  e f f e c t  could 





be expected f o r  f i e ld -a l igned  i r r e g u l a r i t i e s .  An at tempt  

was made t o  unve i l  any such e f f e c t  by studying t h e  f i n e  

s t r u c t u r e ' !  of the  uppe r - t r ans i t  maximum w i t h  an averaging 

II 

ang le  of. less  t h a n  one hour. No such e f f e c t  was found on 

t h e  basis of one y e a r ' s  Cygnus data. There were h i n t s  of 

such a rnagnetic e f f e c t  i n  t h e  data from both Cygnus and 

Cassiopeia when only s i x  months' c o l l e c t i o n s  were used. 

The s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  data were comparable t o  

t h e  l 'hints", however, and the quest ion must be considered 

open. 



VI CONCLUSIONS 

A summary of  the conclusions t o  be drawn f rom t h e  work 

repor ted  i n  t h i s  paper follows: 

Radio-s tar  v i s i b i l i t y  f ades  represent  reduct ions  i n  

c o r r e l a t i o n  of t h e  star s i g n a l s  a r r i v i n g  a t  two 

in t e r f e romete r  antennas; 

The reduced c o r r e l a t i o n  r e s u l t s  i n  a t  l e a s t  a 50% 

(by d e f i n i t i o n )  reduct ion i n  r a d i o - s t a r  v i s i b i l i t y  

for a t  least  t h r e e  minutes (by d e f i n i t i o n )  and has 

been observed t o  reduce the  v i s i b i l i t y  t o  zero f o r  

several minutes at  a time and t o  las t  f o r  up t o  

cons iderably  more than  one hour; 

V i s i b i l i t y  fades i n  the auroral zone a t  sunspot 

maximum tend  t o  occur a t  times of ionospheric  t r a n s l -  

t i o n  (following the autumnal equinox, a t  magnetic 

midnight, during moderate cosmic-noise absorp t ion  

and moderate magnetic d i s turbance ,  and poss ib ly  

during the post-breakup phase of v i sua l  a u r o r a s ) ;  

Fades a r e  caused by  s c a t t e r i n g  i r r e g u l a r i t i e s  whose 

l a t i t u d i n a l  d i s t r i b u t i o n  peaks nea r  the  a u r o r a l  

maximum, and some of the same i r r e g u l a r i t i e s  also 

a c t  as i n e f f i c i e n t  b a c k s c a t t e r e r s  of HF r ad ia t ion ;  

The s c a t t e r i n g  i r r e g u l a r i t i e s  a r e  d i s t r i b u t e d  i n  

height from a t  l e a s t  as  low as 100 k i lometers  t o  

h ighe r  than  200 ki lometers ,  
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Regarding poin t  (5) ,  a speculat ion may be put  f o r t h  t h a t  

v i s i b i l i t y  fades  r equ i r e  the  simultaneous ex i s t ence  of  

i r r e g u l a r i t i e s  i n  both t h e  E-layer  and the F-layer  of the  

a u r o r a l  ionosphere. 

The above conclusions a r e  based on observa t ions  a t  

223 MC with an  in te r fe rometer  of 91.44 meter (68.8h) spacing. 



VII. SUGGESTION5 FOR FURTHER !;IORK 

Several  ques t ions  have a r i s e n  out  of the s t u d i e s  hereir ,  

reported;  among t h e  most important a r e  t h e  following: 

1) Are VHF v i s i b i l i t y  f ades  of r a d i o  stars r ep resen ta t ive  

of a normal condi t ion  i n  t h e  a u r o r a l  ionsophere o r  

was the l a r g e  occurrence of them during 1957-8 due 

t o  the sunspot maximum then under way, a maximum 

which appa ren t ly  was i t s e l f  an  extreme one? 

2) What i s  the  cause of the autumnal maximum i n  fade  

occurrence,  and i s  there  a sp r ing  maximum o r  n o t ?  

3 )  What i s  t h e  cause of the rather cur ious  midafternoon 

peak i n  fade occurrence and of i t s  apparent  seasonal  

v a r i a t i o n ?  

4) Ifhat i s  the l a t i t u d i n a l  and he igh t  d i s t r i b u t i o n  of 

t h e  fade-producing i r r e g u l a r i t i e s  t o  a h ighe r  degree 

of p r e c i s i o n  than  obtained i n  the  p resen t  s tudy? I n  

p a r t i c u l a r ,  are two o r  more d i s t i n c t  l a y e r s  of  

i r r e g u l a r i t i e s  necessary f o r  fade product ion? 

5) Vhat i s  t h e  s ign i f i cance  of the  cases ,  noted during 

the p resen t  study, of fades  occurr ing  on 456 MC wi th  

no corresponding fade on 223 MC? 

Severa l  of the above ques t ions  r e q u i r e  p r imar i ly  t h e o r e t -  

i c a l  s t u d i e s  f o r  t h e i r  answers, e s p e c i a l l y  number ( 3 )  and the 

first qcestion ~f mmber ( 2 ) .  

probably r e q u i r e s  a d d i t i o n a l  experimental  endeavor f o r  i t s  

Or! t.he nther hand; number ( 5 )  
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answer. Answers t o  numbers (1) and ( 4 )  and t o  the second 

quest ion of number ( 2 )  may poss ib ly  be found by f u r t h e r  

s t a t i s t i c a l  a n a l y s i s  of e x i s t i n g  data. 

The fol lowing suggestions a r e  made f o r  f u r t h e r  work which 

may answer some o r  a l l  of t h e  above quest ions:  

1) r o u t i n e  sca l ing  of e x i s t i n g  in t e r f e romete r  records 

f o r  per iods  o t h e r  than sunspot max; 

2) p l o t t i n g  of  t h e  annual d i s t r i b u t i o n  o f  f ades  from 

a d d i t i o n a l  e x i s t i n g  data, a n n u a l - d i s t r i b u t i o n  c o r r e l a -  

t i o n  s t u d i e s  wi th  poss ib ly  related phenomena, t heo re t  - 
i c a l  i n v e s t i g a t i o n  of quest ion (2 )  ; 

3 )  d i u r n a l - d i s t r i b u t i o n  c o r r e l a t i o n  s t u d i e s  with p o s s i b l y  

r e l a t e d  phenomena, t h e o r e t i c a l  i n v e s t i g a t i o n  of 

quest ion ( 3 ) ;  

4)  devis ing  and t e s t i n g  of l e s s  r e s t r i c t e d  models f o r  

explana t ion  of f i g u r e  1 2  of t h i s  r e p o r t ,  p l o t t i n g  

and i n t e r p r e t a t i o n  of a similar f i g u r e  f o r  a t  l e a s t  

one f u l l  year  of Cassiopeia data, p l o t t i n g  of addi -  

t i o n a l  data from both stars wi th  narrower averaging 

angle ,  c o r r e c t i o n  of he igh t  d i s t r i b u t i o n  f o r  e a r t h  

curvature;  

5) ope ra t ion  of i n t e r f e romete r s  on seve ra l  f requencies  

a t  the same l o c a t i o n  i n  t h e  a u r o r a l  zone. 
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r e p o r t  a s t ronge r  dependence of v i s i b i l i t y - f a d e '  occurrence 

on magnetic d i s turbance  than tha t  found i n  t h e  p re sen t  study. 

The quest ion arises as t o  whether t h e  discrepancy i s  due t o  

a l a t i t u d i n a l  e f f e c t  o r  t o  a so l a r - cyc le  e f f e c t .  The geomag- 

n e t i c  l a t i t u d e  d i f fe rence  between College and Saskatoon i s  

only 4.1 degrees; the  Aaskatoon f ades  were observed between 

t h r e e  and f o u r  yea r s  a f t e r  t h e  College f ades  which were 

analysed f o r  t h i s  r e p o r t .  

would c l a r i f y  t h i s  p o i n t ,  

Analysis of l a t e r  College data 

Aside from quest ions concerning v i s i b i l i t y  fades ,  

another  problem of t h e  au ro ra l  ionosphere has emerged from 

the  p resen t  study. Evidence of l a rge - sca l e  undula t ions  i n  

the ionosphere i s  apparent i n  t h e  records.  Occasional large 

enhancements of t h e  radio-star s i g n a l ,  which appear  on t h e  

records,  may be caused by such ionospheric  l e n s e s . "  An 

example of the  enhancements found appears i n  f i g u r e  20. I n  

the f i r s t  few f r i n g e s  a t  t h e  l e f t  of the f i g u r e ,  t h e r e  a r e  

seve ra l  t y p i c a l ,  slow, amplitude s c i n t i l l a t i o n s  - most 

no t i ceab le  as  enhancements. The f o u r t h  i n t e r f e r e n c e  minimum 

i s  of reduced amplitude, p o s s i b l y  a s  a r e s u l t  of defocusing. 

In t h e  center of the  f i g u r e  appears a p a r t i c u l a r l y  s t rong  and 

lengthy  enhancement which corresponds n e a r l y  t o  a three-db 

inc rease  i n  s t a r  s i g n a l  f o r  almost t h r e e  minutes. 

11 

II 1 
Moorcroft and Forsyth have used t h e  term r a d i o  star 
fadeout.  !I 



11 



77 

Preliminary a n a l y s i s  o f  such ionospheric  focusing and 

defocusing e f f e c t s  has been i n i t i a t e d  a t  t h e  Geophysical 

I n s t i t u t e  (Owren, 1962b) 

Much of the  f u t u r e  work mentioned above w i l l  be c a r r i e d  

out under an  a l r eady  approved ex tens ion  of t h e  present  

program. I n  p a r t i c u l a r ,  cons t ruc t ion  has begun of i n t e r f e r -  

ometers on 68 MC and 136 MC a t  t h e  B a l l a i n e  Lake F i e l d  S i t e  

of the  Geophysical I n s t i t u t e ,  where t h e  223 MC and 456 MC 

ins t ruments  used i n  t h e  present s t u d i e s  are  located.  The 

new in t e r f e romete r s  w i l l  inc lude  a c a p a b i l i t y  f o r  v a r i a t i o n  

of b a s e l i n e  length ,  and t h e  same f e a t u r e  w i l l  be added t o  

t h e  e x i s t i n g  instruments .  The var iab le-base l ine  i n t e r f e r -  

ometers w i l l  be a b l e  t o  ''produce t h e i r  own fades"  by exten-  

s i o n  of b a s e l i n e s  u n t i l  the  s i g n a l  under t r a c k  becomes 

uncorre la ted .  The technique i s  similar t o  that used i n  r a d i o  

astronomy f o r  measurement of angular  diameters.  The intended 

ionospheric  a p p l i c a t i o n  i s  t o  measure a u t o c o r r e l a t i o n  

d i s t a n c e  under a v a r i e t y  o f  r a d i o - s t a r  seeing condi t ions.  



APPENDIX I 

Fortran Programs for Hour Angle and Coordinate Conversion 

IF (SENSE SWITCH 1)1,2 
1 READ 3,M,NO,DELTA,DA,T 

2 READ 5,M,DELTA,DA,T 
5 FORMAT 19,6X,F5.1 ,F5.0 ,F5,1 

6 P=O. 
4 GO TO ( 6 ,7,8,9,10,11,12,i3,1 ,15,16,17),M 

GO TO 18 

GO TO 18 
GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

GO TO 18 

7 P=31. 

8 p=59. 
9 P=90. 
10 P=120* 

11 ~=151. 

12 P=181. 

13 P=212. 

14 P=243, 

15 p=273. 
16 P=304. 

17 p=334. 

19 D=201. 

18 Q=P+DA 
IF (DELTA-50 0) 19,20,21 

GO TO 22 
21 D=253, 
20 CONTINUE 
22 CP=O. 066.. (D-Q) 

IF (cp j 23,24,24 

GO TO 25 
23 C=24.O+CP 

24 C=CP 
25 HAP=T-c 

IF (HAP+12.0)34,34,35 

GO TO 38 

GO TO 38 

JT 2 1 1  ufi-qll L 1 n - a - r  &HAP 

35 IF (12.0-HAP)36,36,37 
36 HAz24.0-HAP 
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37 HA*HAP 
38 IF (SENSE SWITCH 1)26,27 
26 PUNCH 28 M, NO, DELTA, HA 
28 FORMAT (13,13,F5.1,F5.1) 

GO TO 1 
27 K=DA 

IF (DELTA-50.0) 29,30,31 
29 TYPE 32,M,K,HA 
32 FORYAT (I3,5H CYG,I5,F7.1,4H HRS)  

31 TYFE 33,M,K,HA 
33 FORMAT (I3,5H CAS,I5,F7.1,4H HRS) 
30 GO TO 2 

END 

GO TO 2 

DIMENSION S (  3) ,BETA (3), IRD 
,S(2),S(3),BETA ,BETA(z),BETA(3) 
,IRD(2),IRD(3) 
0 ,F5.O,F5.O,F5.0, F5.O,S5.0,15, I5,15) 

10 READ 2,M,NO,DELTA,HA 
2 FORMAT (13,13,F5.1,F5.1) 

H=110. 
DO 3 1=1,3 

GO TO 15 
8 THEAD( I)=-( 360.0-57.3*THEAP (I) ) 
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f2 15 TYPE 9, IFD(I), THEAD(I),R(I 
9 FORMAT (12HRADAR NUMBER,I3,F .0,4H DEG,F7.0, 

313 KM) 
3 CONTINUE 
GO TO 10 
END 



. 

APPENDIX I1 

For t r an  Program for C o m p i l i n g  of Riometer Data 

DIMENSION N ( z D ~ ) , K ( ~ ~ ) , L ( ~ o ~ )  

READ 3,K(1 , K ( 2 )  , K ( 3  , K ( 4 )  , K ( 5 )  , K ( 6 )  , K ( 7 )  ,K(8) J 

N( 1)=0 
DO 1 1=2, 201 

K ( 9 )  ,K(10) ,K(11 
FOFWAT (13,13,13, 13313,139 13,13,13,13, 13) 
DO 4 J=l,l0,3 
DO 4 1-1,201 
I F  (K( J) -X-1)4,5,4 
N( I ) = N (  I)+1 
CONTINUE 
IF (SENSE SWITCH 1 ) 8 , 2  
M=10 
TYPE 6,M 
FORMAT (11H-S. IN DBX,l3,23H NO. OF 

DO 9 I=1,201 

TYPE 7,L(I),N I) 

END 

OCCURRENCES) 

L ( L ) = I - l  

FORMAT (18,Il b ) 
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